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Preface

Organosulfur- and organoselenium-containing compounds play a crucial role in organic
synthesis. These sulfur-containing molecules are widely applied in pharmaceuticals, materials,
natural products, and food. Additionally, sulfur and selenium show divergent functions and
potencies in different oxidative states, leading to the rich chemistry of their transformations. This
Molecules Special Issue introduces organosulfur and organoselenium chemistry in fields such as
organic synthesis, materials, chemical biology, and computational chemistry, and contains eleven
articles and four reviews. We collected excellent contributions from scientists across these different
research areas, demonstrating the global reach of organosulfur and organoselenium chemistry; the
authors contributing to this Special Issue hail from China, Canada, France, Germany, America,
Poland, Japan, the Czech Republic, and Croatia.

This Special Issue will be useful to scientists, researchers, and graduate students in the fields of
organic chemistry, materials chemistry, chemical biology, and computational chemistry. We thank our

many prominent colleagues for their contributions.

Ming Wang
Guest Editor
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Abstract: This study explores the impact of sulfur oxidation on the structural, optical, and electronic
properties of [1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives, specifically focusing on
2,7-dibromo BTBT (2,7-diBr-BTBT) and its oxidized forms, 5,5-dioxide (2,7-diBr--BTBTDO) and
5,5,10,10-tetraoxide (2,7-diBr-BTBTTO). The bromination of BTBT followed by sequential oxida-
tion with m-chloroperoxybenzoic acid yielded the target compounds in good yields. They were
characterized using a wide array of analytical techniques including different spectroscopic methods,
X-ray analysis, thermal analysis, and quantum chemical calculations. The results revealed that sulfur
oxidation significantly alters the crystal packing, thermal stability, and optoelectronic properties of
BTBT derivatives. Notably, the oxidized forms exhibited increased thermal stability and enhanced
emission properties, with quantum yields exceeding 99%. These findings provide valuable insights
for designing advanced organic semiconductors and fluorescent materials with tunable properties,
based on the BTBT core.

Keywords: benzothienobenzothiophene; sulfones; organic electronics; DFT calculations; reorganiza-

tion energy; fluorescence; semiconductors

1. Introduction

Organic semiconductors (OSCs) have been continuously attracting attention due to
their distinctive properties, such as mechanical flexibility and chemical versatility [1].
Their 7-conjugated systems can be readily adjusted to optimize molecular arrangement
with specific optical and electronic properties [2]. Among these semiconductors,
[1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives have been extensively stud-
ied and applied in organic electronics due to their favorable characteristics, including
high charge carrier mobility, tunable electronic properties, thermal stability, and solution-
processability [3-5]. Due to these features, BTBT derivatives are highly promising materials
for different applications, including organic light-emitting diodes (OLEDs) [6-10], organic
field-effect transistors (OFET) [11-27], and organic sensors [28-32]. The structural modifica-
tions of the BTBT core have a profound influence on its electronic properties, intermolecular
interactions, and crystal packing, which play a crucial role in the performance of electronic
devices [33]. Considering that the presence of thiophene rings in the BTBT structure al-
lows for the modulation of its optoelectronic properties through the oxidation of sulfur
atoms, this opens up opportunities to develop new materials for organic electronics. Pre-
vious studies have demonstrated that the chemical oxidation of the thienyl sulfur atom
in thiophene-based poly- and oligomers is a useful strategy to modulate the electronic
structure and has an influence on the fluorescence and redox properties [34-36]. It was
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found that oligothiophene S,S-dioxides are recognized as outstanding candidates for use
in light-emitting diodes [37—40]. Moreover, the oxidation of the sulfur atom in thiophene
transforms its electron-donating character into the electron-accepting sulfonyl group. This
transformation indicates that oligothiophene sulfones can be interesting from the point
of view of their application as bipolar or n-type semiconductors [41,42]. Compared to
BTBT derivatives, research concerning their oxidized counterparts is very limited, as evi-
denced by the negligible number of publications in this field. There have been only three
publications dedicated to this class of compounds. Two of these focused on the synthesis of
BTBT 5,5,10,10-tetraoxide (BTBTTO) and its reaction with amines [43,44], while one study
highlighted the use of diphenylamino derivatives of BTBT dioxide and tetraoxide for the
fluorescent imaging of lipid droplets [45].

In this paper, we present comparative studies of unoxidized and oxidized BTBT deriva-
tives, focusing on the influence of sulfur oxidation on structural, physical, optical, and electronic
properties. The investigations were conducted on three compounds: 2,7-dibromo[1]benzothieno[3,2-
b][1]benzothiophene (2,7-diBr-BTBT), its 5,5-dioxide (2,7-diBr--BTBTDO), and its 5,5,10,10-
tetraoxide (2,7-diBr-BTBTTO). The presence of bromine atoms in 2,7-diBr-BTBT S-oxides
provides an opportunity for easy further tuning of their desired properties through straight-
forward functionalization via Heck or Suzuki cross-coupling reactions, paving the way to
new compounds with potential optoelectronic applications. To characterize the synthesized
compounds, various techniques and methods were employed. Structural verification and
analysis of oxidation’s impact on crystal packing were conducted using single-crystal X-ray
analysis. Optical properties were investigated through emission and absorption spectroscopy.
Thermal stability was assessed using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). Additionally, electronic properties, such as frontier orbital energies,
ionization potential, electron affinity, and internal reorganization energy, were predicted using
DFT and TDDFT methods.

2. Results and Discussion
2.1. Synthesis of 2,7-diBr-BTBT S-oxides

The synthesis of 2,7-diBr-BTBT S-oxides, as depicted in Scheme 1, commenced with
BTBT as the starting material, which was obtained using a one-pot procedure from com-
mercially available o-chlorobenzaldehyde [46]. Next, BTBT was subjected to a bromination
reaction to produce 2,7-diBr-BTBT [47]. The resulting dibromo BTBT derivative was ox-
idized with m-chloroperoxybenzoic acid (m-CPBA) at room temperature, affording the
dioxide 2,7-diBr-BTBTDO in 76% yield. This compound was subsequently further oxi-
dized to the corresponding tetraoxide 2,7-diBr-BTBTTO. To avoid issues with separating
the product from the unreacted substrate (both compounds have low solubility and similar
retardation factors), the reaction was driven to 100% conversion. To ensure this, the reaction
was conducted at an elevated temperature with a large excess of m-CPBA. The reaction
proceeded cleanly, yielding 2,7-diBr-BTBTTO as the sole product in 83% yield.

CHO

N S S Br
©/ NaHS, NMP O \ O Bry (2.1 eq)
180 °C, 40h DCM,0°C -1t, 10h g s

80
2 BTBT 55% 2,7-diBr-BTBT

m -CPBA (4 eq)
76”’ DCE, 1t, 20h

= Br S Br
\ O m-CPBA (48 eq) \ O
S DCE, 80 °C, 32h
Br N

10 83% / Ne)

2,7-diBr-BTBTTO 2,7- dlBr BTBTDO

Scheme 1. Synthesis of 2,7-diBr-BTBT S-oxides.
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2.2. Structural Analysis

X-ray diffraction analysis was performed to confirm the structures of the synthesized
2,7-diBr-BTBT S-oxides. Single crystals of 2,7-diBr-BTBTDO and 2,7-diBr-BTBTTO for
SC-XRD analysis (CCDC: 2368892 and 2368896) were obtained by heating the dissolved
compounds in the corresponding solvents followed by slow cooling of the samples. All
crystallographic data are listed in Tables 51-53.5 in the Supplementary Materials. The
analyzed molecules crystallized in different space groups, indicating that the degree of
sulfur oxidation has a significant effect on their crystal packing (Figure 1). Furthermore, the
crystal packing of the 2,7-diBr-BTBT S-oxides differed from the well-known herringbone
arrangement observed for the unoxidized parent compound [47]. 2,7-diBr-BTBT forms a
crystal structure where molecules are 7-stacked, maintaining an interplanar spacing typical
for flat halogenated OSCs of approximately ~3.46 A [48]. 2,7-diBr-BTBTDO and 2,7-diBr-
BTBTTO also crystallize in an 7t-stacked molecular arrangement, but the oxidation of one
or two sulfur atoms has a significant effect on the arrangement of the crystals obtained.
2,7-diBr-BTBTDO forms m-stacked molecular columns with an alternating arrangement
of the oxidized sulfur atoms and an interplanar distance of ~3.55 A between adjacent
molecules. In contrast, 2,7-diBr-BTBTTO forms oppositely oriented planes with a distance
of ~3.46 A, and each molecule is m-stacked with four neighboring molecules.

=

(c)

1
>-ods-
i

—

1
{

T

1
]

Figure 1. Perspective views of molecular packing in single crystals of (a) 2,7-diBr-BTBT, (b) 2,7-diBr-
BTBTDO, and (c) 2,7-diBr-BTBTTO.
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The oxidation of the sulfur atoms in 2,7-diBr-BTBT not only changes the molecular
packing but also influences the number of close contacts between the atoms of neighboring
molecules. For 2,7-diBr-BTBT, ten contacts were observed, including two S- - - S and four
Br- - - Br contacts per molecule (Table S4.1 in the Supplementary Materials). Oxidation
prevents the formation of contacts by sulfur atoms, while oxygen atoms form close contacts,
including O- - - H (in both S-oxides), O- - -Br, O---C(sp2), and O- - - S (only in 2,7-diBr-
BTBTDO). Br: - - Br contacts are also present in 2,7-diBr--BTBTDO, whereas they are absent
in 2,7-diBr-BTBTTO. The number of contacts varies depending on the oxidation state of
the molecules (Tables S54.2 and S4.3 in the Supplementary Materials). Fifteen contacts were
listed for 2,7-diBr-BTBTDO, while their number increased to twenty—four per molecule
for 2,7-diBr-BTBTTO.

2.3. Physical and Optical Properties

The obtained compounds were white (2,7-diBr-BTBT), yellowish (2,7-diBr-BTBTDO),
and yellow (2,7-diBr-BTBTTO) solids. To evaluate the thermal stability of 2,7-diBr-BTBT
and its oxidized derivatives, thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were carried out. The results show that the thermal stability
increases with the number of oxygen atoms in the molecule (Table 1 and Figure S1 in
the Supplementary Materials). The fully oxidized 2,7-diBr-BTBTTO undergoes decompo-
sition approximately 18 °C and 38 °C above the decomposition temperatures of its partially
oxidized counterpart 2,7-diBr-BTBTDO and its unoxidized parent compound 2,7-diBr-
BTBT, respectively. In addition, the compounds do not exhibit liquid crystal properties.
DSC measurements showed that they do not undergo any phase transitions up to their
melting point or decomposition temperature (Figure S2 in the Supplementary Materials).

Table 1. Physical and optical properties of 2,7-diBr-BTBT and its 5-oxides in DCM and solid state.

DCM Solid
Compound Stokes Shift
Aabs[nml  Aemlnml oSO ¢ Aem [nm] T4 [°Cl
2,7-diBr-BTBT 337 362 25 (2049) <1 399 256.4
2,7-diBr-BTBTDO 356 435 79 (5101) >99 459 296.2
2,7-diBr-BTBTTO 396 486 90 (4676) >99 495 314.5

! Decomposition temperature determined by TGA corresponding to 5% weight loss at 10 °C min~! under nitrogen flow.

We performed UV-Vis and photoluminescence (PL) measurements on the synthesized
compounds in both solution (dichloromethane (DCM)) and the solid state. The findings,
detailed in Table 1 and Figure 2, demonstrate that the oxidation of sulfur atoms within the
thiophene rings has a substantial impact on their optical properties. The increase in the
number of oxygen atoms in the molecule results in noticeable shifts in both the absorption
(Azbs) and emission maxima (Aem) to the longer wavelengths. Furthermore, the Stokes
shift for oxidized derivatives in solution is significantly higher, ranging from 79 to 90 nm,
whereas 2,7-diBr-BTBT exhibits a much smaller shift of about 25 nm. The quantum yield
(¢) of 2,7-diBr-BTBT is less than 1%, which is lower than the 3.4% quantum yield observed
for BTBT [49]. This result is in line with the expected heavy atom effect [50,51]. In contrast,
for 2,7-diBr-BTBTDO and 2,7-diBr-BTBTTO, the quantum yields are significantly higher,
surpassing 99% for both compounds. The emission maxima of the investigated compounds
in the solid state are in the range of 399-495 nm and exhibit a smaller red shift of 9 to 37 nm
in comparison to their emission maxima in solution.
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Figure 2. Optical properties of 2,7-diBr-BTBT and its S-oxides; (a) Normalized UV-Vis spectra
(red solid line—in DCM) and PL spectra (blue solid line—in DCM, blue dashed line—in solid);
(b) Chromaticity chart.

2.4. Computational Analysis

To provide insight into the electronic changes accompanying the oxidation of
sulfur atoms in 2,7-diBr-BTBT, TDDFT calculations were performed using the
PBE0/6-311+G(2d,p)/ /D3-M06-2X/def2-TZVP method. The results of these calcula-
tions are summarized in Table 2 and graphically presented in Figure 3. To account for
solvent-solute interactions in the calculation of the electronic properties, the IEFPCM
model [52-54] for DCM was applied. The calculated absorption maxima perfectly match
the experimental data, with deviations ranging from 0.06 to 0.14 eV. The largest devia-
tion was observed for 2,7-diBr-BTBTTO, where the absorption band was red-shifted by
approximately 18 nm compared to the experimental value. In all the compounds exam-
ined, the lowest energy bands were predominantly associated with the HOMO—LUMO
transitions (>97%). During the oxidation process, the HOMO energy gradually decreased
from —6.230 eV for 2,7-diBr-BTBT to —7.048 eV for 2,7-diBr-BTBTTO. The same trend, but
to a greater extent, was observed for the LUMO energy. In this case, the energy differ-
ence between the LUMO of 2,7-diBr-BTBT and 2,7-diBr-BTBTTO reached 1.48 eV. As the
energy of the frontier orbitals decreased, the energy band gap also reduced, ultimately
reaching around 3.83 eV for 2,7-diBr-BTBTTO. These results are in strong agreement with
the findings reported for thiophene dioxides [36,55] and support our observation that
the emission maxima of the investigated compounds exhibit an increasing red shift with
a greater number of oxygen atoms. Hole—electron analysis [56] for individual atoms in
2,7-diBr-BTBT revealed that during excitation to the first excited state, two sulfur atoms
and two carbon atoms connecting them provide a considerable input to the hole. The sum of
their contribution is almost 50%. During electron excitation, these atoms lose 0.25 electrons,
which are transferred to the remaining carbon atoms. The oxidation of thiophene sulfur
alters the electron-donating thienyl sulfur atom into a strong electron-accepting group,
which is reflected in the electron distribution during excitation. Consequently, in 2,7-diBz-
BTBTTO, the two sulfonyl groups and their connecting carbon atoms gain 0.31 electrons,
primarily from the bromine atoms. In the case of asymmetrical 2,7-diBr-BTBTDO, electron
excitation increases electron density at the sulfonyl group and the phenyl ring fused with
the thiophene oxidized moiety.

Table 2. Electronic properties of 2,7-diBr-BTBT and its S-oxides calculated using the TDDFT
PBE0/6-311+G(2d,p)/ /D3-M06-2X/def2-TZVP method in DCM.

Compound Eromo Erumo Energy Gap Excited Eex ! Aex 2 Oscillator Major .
[eV] [eV] [eV] State [eV] [nm] Strength Transitions [%]

2,7-diBr-BTBT —6.230 -1.734 4.496 S1 3.762 329.6 0.765 H—L (97.4)

2,7-diBr-BTBTDO —6.672 —2.447 4.225 S1 3.422 362.3 0.605 H—L (97.8)

2,7-diBr-BTBTTO —-7.048 -3.218 3.830 S1 2.990 414.6 0.560 H—L (98.7)

1 Eox—excitation energy; 2 Aex—excitation wavelength.
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Figure 3. Graphical representation of frontier MOs (isovalue = 0.026) and changes in electron densities dur-
ing excitation from the ground state to the S; excited state ((A)—2,7-diBr-BTBT; (B)—2,7-diBr-BTBTDO;
(C)—2,7-diB+-BTBTTO).

To estimate the ambient stability of investigated compounds and their charge transport
properties, the adiabatic ionization potential (IP), electron affinity (EA), and internal reorgani-
zation energy (M) were calculated (Table 3). IP and EA are crucial for understanding the ease
with which molecules can gain or lose electrons, directly influencing their electronic properties
and reactivity. Furthermore, these parameters also allow us to estimate the energy barriers
involved in the injection of holes and electrons into molecules, which is particularly valuable
in the design and development of materials for electronic and optoelectronic applications. On
the other hand, the hole (A,) and electron (A¢) reorganization energies, which are associated
with the process of transferring an electron or hole between two adjacent molecules, are the
key parameters in the study of charge transport in organic semiconductors. Calculations at the
D3-M06-2X/def2-TZVPD level revealed that the IP of the investigated compounds increased
with oxidation, from 7.69 eV for unoxidized 2,7-diBr-BTBT to 8.73 eV for 2,7-diBr-BTBTTO.
These higher IPs for the oxidized 2,7-diBr-BTBT counterparts indicate greater oxidation sta-
bility, making these compounds less susceptible to oxidation-related degradation. The same
trend was observed for the electron affinity energy, which gradually increased from 0.72 eV for
2,7-diBr-BTBT to 2.42 eV for 2,7-diBr-BTBTTO.

Table 3. Ionization potentials, electron affinities, and reorganization energies of 2,7-diBr-BTBT and
its S-oxides.

Compound IP [eV] EA [eV] An [eV] Ae [eV] AleV]
2,7-diBr-BTBT 7.69 0.70 0.302 0.328 0.630
2,7-diBr-BTBTDO 8.17 1.41 0.390 0.319 0.719
2,7-diBr-BTBTTO 8.73 242 0.328 0.591 0.919

Thiophene sulfur oxidation also alters the internal reorganization energy (the sum of A,
and A¢), which increases in the order: 2,7-diBr-BTBT < 2,7-diBr-BTBTDO < 2,7-diBr-BTBTTO.
While the values of A, and A are similar for 2,7-diBr-BTBT, they differ significantly in the
oxidized derivatives. For 2,7-diBr-BTBTDO, the difference between A, and A is about 0.07 eV,
suggesting a greater propensity to conduct electrons rather than holes. The opposite situation is
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observed for 2,7-diBr-BTBTTO, for which this difference is approximately —0.26 eV, indicating
a preference for hole transport.

3. Materials and Methods
3.1. Synthesis of Materials
3.1.1. General Remarks

Commercial-grade reagents and solvents were used as received without further pu-
rification. The 'H, 13C, and 2D NMR spectra were recorded using Bruker AV Neo 400 or
Bruker Avance III 500 spectrometers (Bruker, Billerica, MA, USA). Chemical shifts for H
and 13C NMR spectra are reported in parts per million (ppm) relative to the residual proton
signal of the deuterated solvent. High-resolution mass spectrometry (HRMS) analyses were
conducted on a Waters Synapt HDMS mass spectrometer (Waters Corporation, Milford,
MA, USA). The synthesis of BTBT [46] and 2,7-diBr-BTBT [47] was carried out according
to established literature procedures. The NMR spectra of all new compounds are included
in the Supplementary Materials.

3.1.2. Synthetic Procedures

2,7-Dibromol[1]benzothieno[3,2-bl[1]benzothiophene 5,5-dioxide (2,7-diBr-BTBTDO): A mix-
ture of 2,7-diBr-BTBT (100 mg, 0.25 mmol) and m-CPBA (248 mg, 1 mmol, 4 eq) in DCE (200 mL)
was stirred at room temperature for 20 h. The reaction mixture was then washed successively
with saturated aqueous solutions of Na,SOz and NaHCO3, followed by water. The organic
layer was dried over anhydrous MgSOj,. Solvent evaporation, followed by the purification of
the crude material by column chromatography using a dichloromethane /petroleum ether (2:1)
mixture, afforded 2,7-diBr-BTBTDO (81 mg, 76%) as a pale yellow solid. Crystals suitable for
X-ray analysis were obtained by crystallization from DCE. R¢ = 0.42 (DCM/ petroleum ether, 2:1);
IH NMR (500 MHz, CDCl3) 5 8.07 (d, ] = 1.7 Hz, 1H), 7.94-7.88 (m, 2H), 7.76 (dd, ] = 8.1, 1.8 Hz,
1H), 7.68 (dd, ] = 8.6, 1.7 Hz, 1H), 7.39 (d, ] = 8.1 Hz, 1H); 13C NMR (126 MHz, CDCl3) 5 144.37,
144.16, 143.04, 136.82, 134.11, 130.80, 129.31, 127.09, 126.64, 125.75, 124.83, 123.51, 121.03. HRMS
(APCI—) m/z: calcd. for C14HgO,S,Bry 427.8176, found 427.8181.
2,7-Dibromol1]benzothieno[3,2-b][1]benzothiophene 5,5,10,10-tetraoxide (2,7-diBr--BTBTTO):

To a solution of 2,7-diBr-BTBTDO (54.8 mg, 0.128 mmol) in DCE (24 mL) stirred at 80 °C,
three portions of m-CPBA (379 mg, 1.53 mmol, 12 eq) were added at 8 h intervals. After 32 h,
the reaction mixture was cooled to room temperature. The precipitate formed during
the reaction was filtered off, washed with DCM and diethyl ether, and dried, yielding
2,7-diBr-BTBTTO (49 mg, 83%) as a yellow solid. Crystals suitable for X-ray analysis
were obtained by crystallization from hot DMSO. R¢ = 0.40 (DCM /petroleum ether, 2:1)
'H NMR (500 MHz, CDCI3) § 7.96 (d, ] = 1.7 Hz, 1H), 7.85 (dd, ] = 8.1, 1.8 Hz, 1H), 7.57 (d,
J = 8.1 Hz, 1H). Due to the very low solubility of 2,7-diBr-BTBTTO in commonly used
deuterated solvents, recording the 1>C NMR spectra was not feasible. HRMS (APCI—) m/z:
caled. for C14HgO4S,Br, 459.8074, found 459.8079.

3.2. X-ray Analysis

Suitable crystals of 2,7-diBr-BTBTDO, and 2,7-diBr-BTBTTO were selected, trans-
ferred to mineral oil, and mounted on cryo loops. The crystals were then flash-cooled
directly in a stream of N,. Diffraction intensities were recorded using a Rigaku XtaLAB
Synergy-S diffractometer (Rigaku Europe SE, Neu-Isenburg, Germany) equipped with a Cu
Ka radiation source (A = 1.5418 A) and a HyPix-6000HE hybrid photon counting detector
(Rigaku Europe SE, Neu-Isenburg, Germany). The total number of runs and images was
based on the strategy calculation of the CrysAlisPro program (Rigaku Oxford Diffraction,
v 1.171.43.111a, 2024). The molecular models of the structures were created with the struc-
ture solution program SHELXT 2018/2 [57] using intrinsic phasing with Olex2 v.1.5 [58] as
the graphical interface and refined by least squares with the 2018/3 version of SHELXL [59].
All non-hydrogen atoms were refined anisotropically. The positions of the hydrogen atoms
were calculated geometrically and refined using the riding model. The structures were
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validated with CheckCif (http://checkcif.iucr.org, accessed on 9 July 2024) and deposited
in the Cambridge Crystallographic Data Centre (CCDC) under the accession numbers
2368892 and 2368896 for 2,7-diBr-BTBTDO and 2,7-diBr-BTBTTO, respectively.

3.3. Optical Characterization

Electronic absorption spectra were recorded on a Shimadzu UV-VIS spectrophotome-
ter UV 2700 (Shimadzu Scientific, Kyoto, Japan). Photoluminescence and quantum yield
measurements were performed using a Horiba Scientific FluoroMax+ spectrofluorometer
(Horriba Scientific, Kyoto, Japan). All measurements were conducted at room temperature
ina 1 cm cuvette. Spectrophotometric grade dichloromethane (DCM) was used for measure-
ments in solution. Photoluminescence spectra of 2,7-diBr-BTBTDO and 2,7-diBr-BTBTTO
were recorded after excitation at their respective maximum absorption wavelengths, and a
300 nm excitation wavelength was used for 2,7-diBr-BTBT. Photoluminescence quantum
yields (¢) were determined using an integrating sphere.

3.4. Thermal Properties

Thermogravimetric analysis (TGA) was conducted using a TGA 2950 analyzer (TA In-
struments, Eden Prairie, MN, USA). The experiments were performed under a nitrogen
atmosphere in the temperature range of 50 °C to 600 °C at a heating rate of 10 °C min~!.
The decomposition temperature was determined at 5% weight loss. The thermal properties
of the synthesized compounds were studied using differential scanning calorimetry (DSC)

on a DSC 2920 (TA Instruments), heating from 0 °C to 220 °C at a rate of 5 °C min~!.

3.5. Computational Details

All quantum-mechanical calculations were performed using Gaussian 09, revision D.01 [60].
For simulating optical properties, the geometries of the investigated compounds were optimized
using the M06-2X [61] functional with the D3 version [62] of dispersion correction and the
Karlsruhe valence triple-zeta def2-TZVP basis set [63]. Calculations were conducted in a
dichloromethane (DCM) dielectric medium, applying tight convergence criteria for geometry
and energy. The “ultrafine” integration grid was used for all calculations. The character of the
equilibrium point on the potential energy surface was identified through frequency calculations.
TDDFT calculations were performed for the first six singlet excited states using the PBEO
functional [64] in conjunction with the Polple 6-311+G(2d,p) basis set [65]. Calculations of the
internal reorganization energy, adiabatic ionization potential (IP), and adiabatic electron affinity
(EA) were conducted at the D3-M06-2X/def2-TZVPD level in the gas phase. Adiabatic IPs
were calculated as the energy difference between the relaxed cationic state (E*(M*)) and the
geometry-optimized neutral molecule (E°(M)) (IP = E*(M*) — E°(M)). EAs were determined
by the energy difference between the optimized neutral molecule (E°(M)) and the anionic state
(E-(M7))(EA = EXM) — E~(M™)). The hole (A,,) and electron (Ay,) reorganization energies were
calculated using the following equations:

An =M1+ Ay = [EF(M) — EX(M")] + [E°(M") — E°(M)] @

Ae =A3 +Ag=[E°M7) — E°(M)] + [E-(M) — E~ (M )] @)

where E*(M)/E~ (M) is the energy of the cation/anion calculated at the optimized geometry
of the neutral molecule, and E°(M*)/E%(M™) is the energy of the neutral molecule calculated
at the optimized geometry of the corresponding cation/anion. A graphical plot for the
calculation of reorganization energy is presented in Figure 4.

Hole-electron analysis using Hirshfeld partitions was conducted with the Multiwfn 3.8
program [66]. Basis sets def2-TZVP [63] and def2-TZVPD [67] were downloaded from the
Basis Set Exchange (BSE) [68]. The optimized geometrical parameters of the investigated
compounds are provided in the Supplementary Materials.
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Figure 4. Diagram illustrating the calculation of the hole (A) and electron (A) reorganization energies.

4. Conclusions

In summary, the sulfone derivative 2,7-diBr-BTBTDO and the disulfone derivative
2,7-diBr-BTBTTO have been successfully synthesized via the oxidation of 2,7-diBr-BTBT
with m-CPBA and fully characterized using various analytical and theoretical methods.
Comparative analysis of 2,7-diBr-BTBT and its oxidized derivatives revealed the potential
of sulfur oxidation as a strategy to tune the properties of BTBT derivatives. The oxidized
compounds are characterized by red-shifted absorption and emission spectra with a Stokes
shift reaching 90 nm and an impressive quantum yield above 99%. The oxidized compounds
also show a decrease in both HOMO and LUMO energies, leading to a reduced energy band
gap. This increased stability is further supported by their improved thermal properties,
which show an increase in decomposition temperature with an increasing number of
oxygen atoms. Changes in the electronic properties of the individual molecules also affect
their tendency to form unique crystal patterns. Although all investigated compounds form
ni-stacked molecular arrangements, they differ significantly, as reflected by their different
space group symmetry. All the above findings are instrumental in designing new materials
based on the BTBT skeleton with optimized properties for organic electronic applications
and fluorescence-based techniques.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules29153575/s1. NMR spectra of all new compounds
(Section S1. NMR Spectra); crystallographic data for all investigated compounds (Section S2. X-ray analysis
including Table S1. Crystal structure, data collection and refinement parameters of the 2,7-diBr-BTBT S-oxides
studied in this research; Table S2.1. Fractional atomic coordinates (x10%) and equivalent isotropic dis-
placement parameters (A2 x10°) for 2,7-diBr-BTBTDO); Table S2.2. Anisotropic displacement parameters
(Az %10%) for 2,7-diBr-BTBTDO; Table S2.3. Bond lengths for 2,7-diBr-BTBTDO (A), Table S2.4. Bond an-
gles for 2,7-diBr-BTBTDO (°); Table S2.5. Torsion angles for 2,7-diBr-BTBTDO (°); Table S3.1. Fractional
atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A% x 10°%) for 2,7-diB--BTBTTO;
Table $3.2. Anisotropic displacement parameters (A2 x 10°) for 2,7-diBr-BTBTTO; Table S3.3. Bond lengths
for 2,7-diBr--BTBTTO (A); Table S3.4. Bond angles for 2,7-diBr-BTBTTO (°); Table S3.5. Torsion angles
for 2,7-diBr-BTBTTO (°); Table S4.1. List of intermolecular short contacts in the crystal structure of
2,7-diBr-BTBT; Table S4.2. List of intermolecular short contacts in the crystal structure of 2,7-diB--BTBTDO;
Table S4.3. List of intermolecular short contacts in the crystal structure of 2,7-diBr-BTBTTO); thermo-
gravimetric and differential scanning calorimetry charts (Section S3. TGA and DSC analysis includ-
ing Figure S1. TGA analysis for 2,7-diBr-BTBT S-oxides; Figure S2. DSC analysis for 2,7-diBr-BTBT
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S-oxides); geometrical parameters of 2,7-diBr-BTBT, 2,7-diBr-BTBTDO, and 2,7-diBr-BTBTTO optimized

at the TDDFT PBE0/6-311+G(2d,p)/ /D3-M06-2X/def2-TZVP level in DCM (IEFPCM solvation model);

atomic coordinates of 2,7-diBr-BTBT and its S-oxides (charged and neutral) optimized at the D3-M06-2X/def2-TZVPD
level (Section S4. Theorethical calculations).
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Abstract: Functionalized imidazo[1,2-«]pyridines are important scaffolds in pharmaceuticals. Herein,
we present an efficient 3-sulfonylmethylation protocol for imidazo[1,2-«]pyridines by sodium sul-
finates in DMA and H,O (2:1) via an FeCls-catalyzed three-component coupling reaction. Various
sulfonylmethyl imidazo[1,2-a]pyridines were thus afforded in high yields with excellent functional
group tolerance. A plausible oxidation-addition mechanism was proposed.

Keywords: sulfonylmethylation; imidazo[1,2-a]pyridine; DMA; FeClz-catalyzed

1. Introduction

As a kind of privileged scaffold, imidazo[1,2-«]pyridines are often used as the phar-
macodynamic backbones of versatile drugs, such as anti-ulcer [1], anti-inflammatory [2],
anti-viral [3,4], anti-bacterial [5], anti-cancer [6], anti-HIV [7] and anti-tuberculosis phar-
maceutical candidates [8]. Owing to the electron-rich nature of imidazo[1,2-a]pyridine,
the functionalization of imidazo[1,2-x]pyridine, especially C3-positioned C-C and C-
X (O/N/S) bond construction, has attracted widespread attention [9-26]. Neverthe-
less, imidazo[1,2-a]pyridines containing sulfur functionality, such as sulfonylmethylated
imidazo[1,2-a]pyridines, have been rarely studied before, whilst the sulfones group ex-
ists widely in drug molecules. The first typical example reported by Song employed the
iron-involved tosylmethylation of imidazo[1,2-«]pyridines with p-toluenesulfonyl methyl
isocyanide in HyO and PEGyq [27]. Then, Rode described a selectfluor-mediated approach
regarding the methylene-tethered arylsulfonation and benzotriazolation of imidazopy-
ridines using DMSO as the carbon insertion synthon [28]. A very recent study reported
by Tang demonstrated another efficient protocol for the direct C-3 sulfonylmethylation of
imidazo[1,2-«]pyridines with glyoxylic acid and sodium sulfinates in water [29]. Some
studies that have used DMA as a carbon source have been reported for the coupling of
C-C bonds [30-32]. However, a new methodology enabling the C-H sulfonylmethylation
of imidazo[1,2-«]pyridines is still highly desirable and valuable.

In our previous work, sodium sulfinates were found to be an effective and universal
sulfur source in eco-friendly S-S and S-C bond construction [33]. In our following ex-
plorations, the unexpected sulfonylmethylation of imidazo[1,2-«]pyridines was observed
when researchers tried to synthesize sulfones in DMA. Herein, we wish to present a new
method for the iron-catalyzed sulfonylmethylation of imidazo[1,2-x]pyridines with DMA
and sodium sulfinates to synthesize 3-sulfonylmethyl imidazo[1,2-«]pyridines (Figure 1).
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Figure 1. Comparison of recently reported sulfonylmethylation of imidazo[1,2-«]pyridines, refs. [27-29].

2. Results and Discussion

The optimization of reaction conditions was carried out by using 2-phenylimidazo[1,2-
a]pyridine (1a) as the model substrate, sodium p-toluenesulfinate (2a) as the sulfonylation
reagent and DMA as the carbon synthon. During the early stages of this work, we mainly
focused on different metal catalysts using K,5,0g as an oxidant. The results showed that
both K»5,03 and the catalyst were essential for the transformation (Table 1, entries 1-3).
Among the metal catalysts screened, including FeCls, FeCl,, Fe304, Cul, Cu(acac),, V(acac);
and AgNOj, the best conversion with a 73% yield was obtained by FeCl; in the DMA and
H,O (2:1) hybrid solvent (Table 1, entries 4-10). As for the FeCls catalyst, 10 mol% loading
was effective enough to give the highest productivity of 73% product. Reducing to 5 mol%
FeCl3 gave comparable yields (Table 1, entries 6, 11-13). No products were obtained when
the K»5,03 oxidant was changed to HyO,, TBHP, O, or 1,05 (Table 1, entries 14-17). The
amount of K,5,0g added was also shown to have some effects on the yields, and 2.5 eq.
was optimal (Table 1, entries 6, 18-20).

Further screening demonstrated that H,O is vitally important, probably due to the
fact that the low solubility of sodium sulfinate in DMA would lead to insufficient sulfur—
reactant participation in a reaction without water (Table 1, entries 21-25). The best ratio
of DMA and H,0 is 2:1. To our delight, when increasing the loading of 2a, up to 90%
yield was achieved (Table 1, entries 26-28). Furthermore, the reaction gave better results
at higher temperatures such as 120 °C (Table 1, entries 29-32). Screening of other typical
carbon source reagents, including DMF, DMSO and TMEDA, showed that DMA was the
best (Table 1, entries 33-35).
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Table 1. Optimization of reaction conditions .

NN SO,Na =N
I Ph

1a 2a 318

Entry Catalyst/mol% Oxidant/Equiv Solvent Yield/% b
1 - - DMA:H,0/2:1 0
2 - KZSZOS/2-5 DMAIHzo/Zil 5
3 FeCl3 /20 - DMA:H,O/2:1 0
4 Cul/20 K»$,04/2.5 DMA:H,0/2:1 18
5 Cu(acac), /20 K»5,04/2.5 DMA:H,0/2:1 18
6 FeC13 /20 K2Szog /2.5 DMAIHzo/Zil 73
7 FeCl, /20 K»S,04/2.5 DMA:H,0/2:1 67
8 Fe3O4 /20 KZSZOS/2-5 DMAIHzo/le 50
9 V(acac), /20 K;5,04/2.5 DMA:H,O/2:1 63
10 AgNO3 /20 KQSzOg /2.5 DMAZHzO/Z:l 6
11 FeCls/5 K,S,04/2.5 DMA:H,0/2:1 41
12 FeCl;/10 K,5,04/2.5 DMA:H,0/2:1 73
13 FeCl3/30 K»S,04/2.5 DMA:H,0/2:1 70
14 FeCl;/10 H,0,/2.5 DMA:H,0/2:1 0
15 FeCl;/10 TBHP/2.5 DMA:H,0/2:1 0
16 FeCl;/10 O, /air DMA:H,0/2:1 0
17 FeCl;/10 L,0Os5/2.5 DMA:H,0/2:1 0
18 FeCl;/10 K,5,05/1.0 DMA:H,0/2:1 57
19 FeCl;/10 K»S,04/1.5 DMA:H,0/2:1 64
20 FeCl;/10 K,S,04/3.5 DMA:H,0/2:1 73
21 FeCl;/10 K»S5,05/2.5 DMA /10 eq 0
22 FeCl3/10 K25208 /2.5 DMA/20 eq 0
23 FeCl;/10 K,S,04/2.5 DMA /50 eq 43
24 FeCl;/10 K,5,04/2.5 DMA:H,0/1:1 43
25 FeCl;/10 K»S,04/2.5 DMA:H,0/5:1 70
26°¢ FeCl;/10 K,S,04/2.5 DMA:H,0/2:1 80
2714 FeCl;/10 K,S,04/2.5 DMA:H,0/2:1 90
28°¢ FeCl;/10 K,S,04/2.5 DMA:H,0/2:1 90
29 4f FeCl3/10 K,S,05/2.5 DMA:H,0/2:1 60
3048 FeCl;/10 K,S,04/2.5 DMA:H,0/2:1 70
314h FeCl3/10 K,S,04/2.5 DMA:H,0/2:1 93
3244 FeCl3/10 K,5,05/2.5 DMA:H,0/2:1 93
33 dh FeCl;/10 K,S,04/2.5 DMF:H,0/2:1 33
344h FeCl3/10 K»S,05/2.5 DMSO0:H,0/2:1 0
354h FeCl3/10 K»5,05/2.5 TMEDA:H,0/2:1 0

“ Reaction conditions: 1a (0.2 mmol), 2a (0.24 mmol), catalyst, oxidant, solvent (2 mL), 110 °C, 4 h; b LC-MS; € 2a
(1.5eq); ¥ 2a (2.0 eq); ¢ 2a (2.5 eq);/ 90 °C; € 100 °C; # 120 °C; F 130 °C.

With the optimum condition in hand (Table 1, entry 31), we then evaluated the scope of
structurally different sodium sulfinates with 2-phenylimidazo[1,2-«]pyridin (Table 2). As
shown in Table 2, sodium sulfinates bearing electron-donating (4-Me, 3-Me, 4-iPr, 4-OMe)
or electron-withdrawing (4-CFj3, 4-F, 4-Cl, 2-Cl, 4-Br) groups at the ortho, meta, or para
positions were all compatible, affording good to excellent yields (Table 2, 3a-3j). Moreover,
sodium aromatic heterocyclic sulfinate also tolerated well (Table 2, 3k-31). To our surprise,
this protocol was also applicable to sodium alkyl sulfinate, giving the target compounds in
good yields (Table 2, 3m-3n). Regrettably, no product was generated when sodium triflate
and sodium difluoromethanesulfinate were used (Table 2, 30-3p).
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Table 2. Substrate scope of sodium sulfinates **.

song Clk (10 mol%)
|
N % DMA:H,0=2:1

120 °C ’/ \\

1a 2

3aR' = 4-Me 90%
O 3bR"=3-Me 85% O/ Ph O
R1 3¢ R'=H 88% /O
,/ S 3d R" = 4-Pr 92% ,/ \\ ,/ S
3e R' = 4-OMe 90%
3f R'=4-F78% 3k 78% 3170%
3gR'=4-ClI80%
3hR' =2-Cl 74%
3i R'=4-Br82%
3j R'= 4-0|=3 75%

=N
3/4 g-CFs g—CFoH
//\\ // \\ // \\ // \\
3m 80% 3n 82% 30 0% 3p 0%

7 Reaction conditions: 1a (0.6 mmol), 2a (1.2 mmol), FeCl3 (10 mol%), K»5,0s (2.5 eq), DMA:H,0 = 2:1, 120 °C,
4 h; b isolated yields.

We next turned our attention to imidazo[1,2-«]pyridines substrates bearing different
substituents (Table 3). To our delight, the reaction of sulfonylmethylation could be smoothly
accomplished with 2-(4-bromophenyl)imidazo[1,2-«]pyridine under the standard condi-
tions, offering compound 3qa-3qf in good yields. This protocol can be effectively applied to
2-phenylimidazo-[1,2-«]pyridine with electron-donating groups (2-Me, 3-Me, 4-OCHj3) and
electron-withdrawing groups (4-NO,, 4-F, 4-Cl) (Table 3, 3ra-3rf). Imidazo[1,2-«]pyridine
substituted in the 6, 7, and 8 positions was also well tolerated (Table 3, 3sa-3se). It is
worth mentioning that heterocyclic substrates were amenable to this protocol, affording
the desired product with good yields (Table 3, 3ta-3ud). However, some substrates are not
suitable for this protocol (Table 3, 3v-3y).

In order to investigate the mechanism of the reaction, control experiments were
explored, and the results are illustrated in Figure 2. Nearly no product was detected when
3 eq. radical scavenger (2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) or 2,2-diphenyl-1-
picrylhydrazyl (DPPH)) was added to the reaction system (Figure 2A), suggesting that a
radical pathway might be involved in this protocol. Isotopic labeling experiments clearly
showed that DMF provided the carbon attached to the imidazo heterocyclic backbone
(Figure 2B).

According to our control experiments and the previous literature [11], a plausible
mechanism of the sulfonylmethylation of imidazo[1,2-«]pyridines with DMA and sodium
sulfinates is illustrated (Figure 3). DMA was firstly oxidized to iminium B by FeCl3 /K;5,0s,
which then reacted with electron-rich imidazopyridine to form intermediate C by C-C
coupling. The sulfonylation of C by sodium p-toluenesulfinate generated 2-phenyl-3-
(tosylmethyl)imidazo[1,2-«]pyridine (3a).
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Table 3. Substrate scope of imidazo[1,2-a]pyridines **.
FeCl (10 mol%) 2 N
2 _/\r/}_@ N S0Na 5,04 (25 eq) N7 R3
7\ Kest R 2
N R3 Q/ DMA:H,0=2:1 2o
120 °C
2 3 R

-

3ga R =4-Me 84% =
3gb R =4-OMe 89%
3qc R=H82%

3qd R =2-Cl 70%
3ge R =4-Br75%

3qf 74%

8
NN —\ R 3ra R=2-Me 82% 7/\(/N 3sa R = 8-Me 93%
2N\ 3rb R=3-Me 88% R— / 3sb R = 7-Me 88%
N 3rc R =4-OMe 90% 6\5/"‘
Ts

3sc R =6-Me 90%
3rd R=4-F 83% 3sd R = 7-Cl 80%
3re R=4-Cl| 85% 3se R =7-Br 80%
3rf R=4-NO, 75%

=N O =N S— N
(I{ﬁd QI{%‘ W
Ts Ts

Ts
3ta 82% 3tb 86% 3ua 80%
NH
S— N N N S 2
’ -
T ;
Ly L O
N
Ts Ts
3ub 78% 3uc 80% 3ud 80%

? Reaction conditions: 1a (0.6 mmol), 2a (1.2 mmol), FeCl;z (10 mol%), K,S,05 (2.5 eq), DMA:H,0 = 2:1, 120 °C,
8 h; ¥ isolated yields.

FeCl; (10 mol%)
7 /N SO2Na K28208 (25 eq) = /N Ph
@ (NP AW
DMA:H,0=2:1
120 °C
1a 2a additive (3 eq) 3a

TEMPO: trace
DPPH: trace

N SO,Na Eegl3o(102n;ol%) NN
Se Ph
(B)\prh+/©/ S:0s25e0) _ [ )
DMF-d7/H20= 2:1
Ts
1a 2a ,D
0 3a

)J\N,cos
CDs

Ts

D

Figure 2. Control experiments. (A) Free radical trapping experiment; (B) Isotope labeling experiment.
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Figure 3. Proposed mechanism.

3. Experimental Section

General Information. All reactions were performed in a 10 mL tube with magnetic
stirring. The imidazo[1,2-«] pyridines and sodium sulfinates are commercially available.
Unless otherwise stated, all commercially available reagents were used without further
purification. High-resolution mass spectra (ESI) were obtained with the Waters Xevo G2-XS
QTOF. 'H NMR, 3C NMR and F NMR spectra were recorded at ambient temperature
on Bruker 300 M instruments. All spectra were referenced to CDCl3 (‘H NMR & 7.26 ppm
and 3C NMR 6 77.00 ppm). Data were reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, td = triplet of
doublets, qd = quartet of doublets, m = multiplet), coupling constants (Hz) and integration.

Experimental Procedure. In a typical experiment, a 15 mL sealed tube was charged
with imidazo[1,2-«]pyridine, (0.6 mmol), substituted sodium sulfinate (1.2 mmol), DMA
(4 mL), H,O (2 mL), K;5,035 (2.5 eq) and FeCl3 (10 mol%). The mixture was allowed
to stir at 120 °C and was monitored by TLC until the reaction was complete. Saturated
aqueous NaCl solution was added to the reaction mixture and the aqueous phase was
further extracted with ethyl acetate (3 x 10 mL). The combined organic layers were dried
over anhydrous NaySO4 and concentrated under a vacuum to give the crude product. The
residue was purified by column chromatography on silica gel using ethyl acetate/n-hexane
(1:1) as the eluent to provide the desired product.

2-Phenyl-3-(tosylmethyl)imidazo[1,2-«] pyridine (3a) [29]. White solid, 195 mg, 90%
yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 5 8.45 (d, ] = 6.9 Hz, 1H),
7.67 (d, ] =9.1 Hz, 1H), 7.38 (d, ] = 8.3 Hz, 2H), 7.35-7.27 (m, 6H), 7.09 (d, ] = 8.0 Hz, 2H),
6.94 (s, 1H), 4.88 (s, 2H), 2.36 (s, 3H). 3C{1H} NMR (75 MHz, CDCl3) & 147.42, 146.00,
145.33, 134.22, 133.03, 129.84, 128.34, 128.23, 128.16, 128.14, 126.03, 124.98, 117.50, 112.92,
108.29, 52.69, 21.67.

2-Phenyl-3-((m-tolylsulfonyl)methyl)imidazo[1,2-«]pyridine (3b) [29]. White solid,
185 mg, 85% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) § 8.45 (d,
J=70Hz,1H),7.71 (d,] =9.0 Hz, 1H), 7.31 (td, | = 7.4, 6.8, 3.9 Hz, 9H), 7.23 (d, ] = 7.6 Hz,
1H), 6.96 (td, ] = 6.9, 1.2 Hz, 1H), 4.88 (s, 2H), 2.26 (s, 3H). 1*C{1H} NMR (75 MHz, CDCl3) &
147.60, 146.02, 139.79, 137.35, 135.10, 132.97, 129.14, 128.53, 128.50, 128.34, 128.28, 126.14,
125.42,124.99, 117.58, 113.03, 108.20, 52.76, 21.30.

2-Phenyl-3-((phenylsulfonyl)methyl)imidazo[1,2-x]pyridine (3c) [29]. White solid,
184 mg, 88% yield. ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 5 8.47 (d,
J=7.0Hz, 1H),7.71 (d, ] = 9.0 Hz, 1H), 7.59-7.52 (m, 3H), 7.39-7.29 (m, 8H), 6.96 (td, ] = 6.9,
1.2 Hz, 1H), 4.91 (s, 2H). 3C{1H} NMR (75 MHz, CDCls) & 147.67, 146.04, 137.51, 134.26,
132.99, 129.28, 128.55, 128.28, 128.25, 128.19, 126.08, 124.96, 117.57, 112.97, 108.03, 52.74.

3-(((4-Isopropylphenyl)sulfonyl)methyl)-2-phenylimidazo [1,2-«]pyridine (3d) [29].
White solid, 215 mg, 92% yield, ethyl acetate/n-hexane (1:1), 'H NMR (300 MHz, CDCl3) &
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8.44 (d, ] =7.0Hz, 1H), 7.68 (d, ] = 9.1 Hz, 1H), 7.44 (d, ] = 8.4 Hz, 2H), 7.35-7.26 (m, 6H),
7.18 (d, ] = 8.3 Hz, 2H), 6.97-6.89 (m, 1H), 4.87 (s, 2H), 2.97-2.83 (p, ] = 6.9 Hz, 1H), 1.22
(d, ] = 6.9 Hz, 6H). 13C{1H} NMR (75 MHz, CDCl;) 5 155.95, 147.53, 145.99, 134.74, 133.05,
128.49, 128.39, 128.23, 128.20, 127.42, 126.01, 125.01, 117.50, 112.89, 108.31, 52.80, 34.26, 23.61.
3-(((4-Methoxyphenyl)sulfonyl)methyl)-2-phenylimidazo [1,2-«]pyridine (3e) [29].
White solid, 205 mg, 90% yield. ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 5
8.36 (d,] =7.0 Hz, 1H), 7.59 (d, ] = 9.1 Hz, 1H), 7.34-7.28 (m, 2H), 7.26-7.18 (m, 6H), 6.85
(td, ] = 6.8, 1.2 Hz, 1H), 6.69-6.58 (m, 2H), 4.79 (s, 2H), 3.72 (s, 3H). 13C{1H} NMR (75 MHz,
CDCl3) 6 164.10, 147.20, 145.90, 132.99, 130.30, 128.37, 128.15, 128.10, 125.99, 124.92, 117 .47,
114.34,112.90, 108.47, 55.63, 52.68.
3-(((4-Fluorophenyl)sulfonyl)methyl)-2-phenylimidazo[1,2-«]pyridine (3f) [29]. White
solid, 171 mg, 78% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) & 8.36
(d,J=69Hz, 1H), 7.64 (d, ] =9.0 Hz, 1H), 7.29-7.23 (m, 5H), 7.22-7.10 (m, 5H), 6.92 (td,
] =6.9,1.2 Hz, 1H), 4.87 (s, 2H). 13C{1H} NMR (75 MHz, CDCls) 5 167.79, 164.38, 147.38,
146.08, 132.95, 131.07, 130.93, 128.52, 128.26, 128.06, 126.11, 124.84, 117.60, 116.57, 116.27,
112.99, 107.91, 52.35. 1F NMR (282 MHz, CDCl3) 6-102.63.
3-(((4-Chlorophenyl)sulfonyl)methyl)-2-phenylimidazo[1,2-«]pyridine (3g) [29]. White
solid, 183 mg, 80% yield, ethyl acetate/n-hexane (1:1). TH NMR (300 MHz, CDCl3) § 8.43 (d,
] = 6.8 Hz, 1H), 7.77-7.67 (m, 1H), 7.40-7.28 (m, 6H), 7.25 (s, 2H), 7.21-7.14 (m, 2H), 6.97 (d,
] = 6.8 Hz, 1H), 4.93 (s, 2H). 3C{1H} NMR (75 MHz, CDCl3) 5 147.06, 145.93, 141.27, 135.26,
132.50, 129.60, 129.48, 128.66, 128.51, 128.14, 126.61, 124.95, 117.60, 113.40, 107.98, 52.27.
3-(((2-Chlorophenyl)sulfonyl)methyl)-2-phenylimidazo[1,2-«]pyridine (3h) [29]. White
solid, 170 mg, 74% yield. ethyl acetate/n-hexane (1:1). '"H NMR (300 MHz, CDCl3) 6 8.48
(d,J=7.0Hz,1H),7.73(dd, ] =7.9,1.7Hz, 1H), 7.66 (d,] =9.1 Hz, 1H), 7.44 (d, ] = 3.8 Hz,
3H), 7.35-7.27 (m, 5H), 7.24 (dd, ] = 7.9, 1.2 Hz, 1H), 6.95 (td, ] = 6.9, 1.2 Hz, 1H), 5.14 (s,
2H). 13C{1H} NMR (75 MHz, CDCl3) & 148.07, 146.22, 135.41, 135.27, 133.08, 132.91, 132.04,
132.01, 128.67, 128.52, 128.41, 127.37, 126.24, 125.10, 117.59, 113.07, 107.48, 50.37.
3-(((4-Bromophenyl)sulfonyl)methyl)-2-phenylimidazo[1,2-«]pyridine (3i) [29]. White
solid, 210 mg, 82% yield, ethyl acetate/n-hexane (1:1). IH NMR (300 MHz, CDCl3) § 8.39 (d,
J=6.9Hz, 1H),7.65 (d, ] =9.1 Hz, 1H), 7.31 (ddd, | = 7.8, 4.0, 2.3 Hz, 6H), 7.26-7.15 (m, 4H),
6.93 (td, ] = 6.8, 1.2 Hz, 1H). 13C{1H} NMR (75 MHz, CDCl3) 5 147.37, 146.11, 135.75, 132.77,
132.36, 129.91, 129.56, 128.57, 128.32, 128.06, 126.26, 124.84, 117.63, 113.13, 107.82, 52.17.
2-Phenyl-3-(((4-(trifluoromethyl)phenyl)sulfonyl)methyl) imidazo[1,2-«]pyridine (3j).
White solid, 188 mg, 75% yield. ethyl acetate/n-hexane (1:1), mp. 120-121 °C. 'H NMR
(300 MHz, CDCl3) 6 8.37 (d, ] = 6.9 Hz, 1H), 7.66-7.60 (m, 1H), 7.40 (d, | = 1.0 Hz, 4H),
7.33-7.26 (m, 1H), 7.21-7.12 (m, 5H), 6.92 (d, ] = 6.1 Hz, 1H), 4.93 (s, 2H). >*C{1H} NMR
(75 MHz, CDCl3) 6 147.45, 146.20, 140.44, 132.74, 128.76, 128.68, 128.32, 127.92, 126.30,
126.11, 126.06, 124.82, 121.18, 117.70, 113.15, 107.42, 51.93. HRMS (ESI) m/z: [M + H]*
Calcd for Co1H16F3N,0,S* 417.0880, Found 417.0881.
2-Phenyl-3-((thiophen-2-ylsulfonyl)methyl)imidazo [1,2-«] pyridine (3k) [29]. White
solid 166 mg, 78% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) § 8.41
(d,] = 6.9 Hz, 1H),7.69 (d, ] = 9.1 Hz, 1H), 7.57 (dd, ] = 5.0, 1.3 Hz, 1H), 7.45-7.37 (m, 2H),
7.37-7.27 (m, 5H), 6.98-6.90 (m, 2H), 4.99 (s, 2H). 3C{1H} NMR (75 MHz, CDCl3) § 147.91,
146.12, 138.00, 135.41, 135.07, 132.98, 128.65, 128.41, 128.35, 128.21, 126.24, 124.95, 117.63,
113.12, 108.11, 54.07.
2-Phenyl-3-((pyridin-2-ylsulfonyl)methyl)imidazo[1,2-«] pyridine (31) [29]. White
solid, 146 mg, 70% yield, ethyl acetate/n-hexane (1:1), mp. 108-109 °C. 'H NMR (300 MHz,
CDCl3) 6 8.60-8.54 (m, 1H), 8.45 (dt, ] = 4.6, 1.4 Hz, 1H), 7.90-7.78 (m, 3H), 7.67-7.60 (m,
2H), 7.48-7.35 (m, 5H), 7.05 (t, ] = 6.9 Hz, 1H), 5.23 (s, 2H). *C{1H} NMR (75 MHz, CDCl5)
5 156.10, 150.38, 147.67, 146.20, 137.96, 133.05, 128.72, 128.59, 128.37, 127.81, 126.25, 125.00,
122.90, 117.57, 113.07, 107.15, 48.81.
3-((Cyclopropylsulfonyl)methyl)-2-phenylimidazo[1,2-&] pyridine (3m) [29]. White
solid, 149 mg, 80% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) & 8.40
(d,J=7.0Hz, 1H),7.79 (dd, ] =8.2, 1.4 Hz, 2H), 7.71 (d, ] = 9.1 Hz, 1H), 7.52-7.38 (m, 3H),
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7.36-7.28 (m, 1H), 6.93 (dd, | = 6.9, 1.1 Hz, 1H), 4.86 (s, 2H), 2.12 (ddd, ] = 12.8, 8.0, 4.8 Hz,
1H), 1.00 (dd, ] = 4.7, 2.1 Hz, 2H), 0.68 (dd, | = 7.9, 2.2 Hz, 2H). *C{1H} NMR (75 MHz,
CDCl3) 6 147.08, 145.99, 133.51, 129.00, 128.64, 128.53, 126.21, 124.91, 117.52, 113.08, 108.12,
49.91, 28.80, 4.98.
3-((Methylsulfonyl)methyl)-2-phenylimidazo[1,2-«]pyridine (3n) [29]. White solid,
141 mg, 82% yield. ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) & 8.39 (d,
J=69Hz, 1H),7.75(d, ] = 6.8 Hz, 2H), 7.70 (d, ] = 9.1 Hz, 1H), 7.54-7.47 (m, 2H), 7.47-7.41
(m, 1H), 7.36-7.30 (m, 1H), 6.94 (td, ] = 6.9, 1.2 Hz, 1H), 4.83 (s, 2H), 2.63 (s, 3H). 1*C{1H]}
NMR (75 MHz, CDCl3) & 147.44, 146.46, 133.54, 129.29, 128.87, 128.53, 126.30, 124.94, 117.82,
113.19, 108.02, 50.95, 39.61.
2-(4-Bromophenyl)-3-(tosylmethyl)imidazo[1,2-x]pyridine (3qa) [29]. White solid,
221 mg, 84% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 6§ 8.42 (d,
J=7.0Hz, 1H), 7.68 (d, | = 9.1 Hz, 1H), 7.45-7.38 (m, 4H), 7.37-7.31 (m, 1H), 7.24 (d,
J=85Hz, 2H),7.12(d, ] =7.7 Hz, 2H), 6.95 (td, ] = 6.9, 1.2 Hz, 1H), 4.82 (s, 2H), 2.38 (s,
3H). 3C{1H} NMR (75 MHz, CDCl3) & 146.09, 146.06, 145.65, 134.35, 132.05, 131.55, 129.95,
129.78,128.25,126.39, 124.93, 122.53, 117.58, 113.20, 108.48, 52.64, 21.76.
2-(4-Bromophenyl)-3-(((4-methoxyphenyl)sulfonyl)methyl) imidazo[1,2-«]pyridine
(3qb). White solid, 243 mg, 89% yield, ethyl acetate/n-hexane (1:1), mp. 230-231 °C. 'H
NMR (300 MHz, CDCl3) 6 8.39 (d, ] = 7.0 Hz, 1H), 7.67-7.61 (m, 1H), 7.39 (dd, ] = 8.7, 3.7 Hz,
4H), 7.34-7.28 (m, 1H), 7.26-7.17 (m, 2H), 6.92 (td, ] = 6.8, 1.2 Hz, 1H), 6.73 (d, ] = 8.9 Hz,
2H), 4.82 (s, 2H), 3.82 (s, 3H). '*C{1H} NMR (75 MHz, CDCl3) 5 164.33, 146.09, 146.03, 132.19,
131.58, 130.43, 129.76, 128.38, 126.31, 124.93, 122.45, 117.61, 114.44, 113.16, 108.69, 55.82,
52.65. HRMS (ESI) m/z: [M + H]* Calcd for Cp1H1gBrN,O3S* 457.0216, Found 457.0217.
2-(4-Bromophenyl)-3-((phenylsulfonyl)methyl) imidazo[1,2-«]pyridine (3qc). White
solid, 209 mg, 82% yield, ethyl acetate/n-hexane (1:1), mp. 213-214 °C. IH NMR (300 MHz,
CDCl3) 6 8.36 (d, ] =7.0 Hz, 1H), 7.63 (d, ] =9.0 Hz, 1H), 7.52 (td, ] = 7.0, 1.4 Hz, 3H), 7.34
(qd, ] =7.5,6.7,2.0 Hz, 4H), 7.23-7.12 (m, 3H), 6.89 (d, ] = 6.9 Hz, 1H), 4.77 (s, 2H). 3C{1H}
NMR (75 MHz, CDCl3) 6 146.50, 146.15, 137.58, 134.47, 132.03, 131.76, 129.85, 129.45, 128.28,
126.42,124.93,122.70,117.64, 113.24, 108.17, 52.76. HRMS (ESI) m/z: [M + H]* Calecd for
CyoH14BrN,O,S™ 427.0111, Found 427.0111.
2-(4-Bromophenyl)-3-(((2-chlorophenyl)sulfonyl)methyl) imidazo[1,2-x]pyridine (3qd).
White solid, 193 mg, 70% yield, ethyl acetate/n-hexane (1:1), mp. 227-228 °C. 'H NMR
(300 MHz, CDCl3) 6 8.49 (d, ] = 6.9 Hz, 1H), 7.80 (dd, ] = 8.1, 1.6 Hz, 1H), 7.72 (d, ] =9.0 Hz,
1H), 7.52-7.40 (m, 5H), 7.40-7.31 (m, 3H), 7.01 (td, ] = 6.9, 1.2 Hz, 1H), 5.11 (s, 2H). 13C{1H}
NMR (75 MHz, CDCl3) 6 146.81, 146.27, 135.59, 135.46, 133.08, 132.15, 132.08, 131.86, 130.11,
127.54,126.62, 125.10, 122.90, 117.64, 113.38, 107.61, 50.35. HRMS (ESI) m/z: [M-H]~ Caled
for CyH13BrCIN,O,S™ 458.9569, Found 458.9570.
2-(4-Bromophenyl)-3-(((4-bromophenyl)sulfonyl)methyl) imidazo[1,2-«]pyridine (3qe).
White solid, 228 mg, 75% yield, ethyl acetate/n-hexane (1:1), mp. 244-245 °C. 'H NMR
(300 MHz, CDCl3) 6 8.39 (d, ] = 7.0 Hz, 1H), 7.70-7.66 (m, 1H), 7.50-7.44 (m, 2H), 7.44-7.38
(m, 2H), 7.38-7.32 (m, 1H), 7.30-7.26 (m, 2H), 7.20 (d, | = 8.5 Hz, 2H), 6.98 (td, ] = 6.9, 1.2 Hz,
1H), 4.88 (s, 2H). 3C{1H} NMR (75 MHz, CDCl3) & 146.18, 135.92, 132.53, 131.81, 130.24,
129.69, 129.65, 126.63, 124.84, 122.81, 117.74, 113.44, 107.98, 52.27. HRMS (ESI) m/z: [M +
H]* Caled for CypHi5BrpN,O,S* 506.9195, Found 506.9196.
2-(4-Bromophenyl)-3-((cyclopropylsulfonyl)methyl) imidazo[1,2-o]pyridine (3qf). White
solid, 173 mg, 74% yield, ethyl acetate/n-hexane (1:1), mp. 204-205 °C. TH NMR (300 MHz,
CDCl3) 6 8.37 (d, ] = 7.0 Hz, 1H), 7.74-7.64 (m, 3H), 7.64-7.57 (m, 2H), 7.35-7.28 (m, 1H),
6.93 (td, ] = 6.9, 1.2 Hz, 1H), 4.80 (s, 2H), 2.24-2.17 (m, 1H), 1.08 (dt, | = 6.6, 3.3 Hz, 2H),
0.81 (tt, ] = 8.0, 3.6 Hz, 2H). 1>*C{1H} NMR (75 MHz, CDCl3) & 146.19, 146.09, 132.56, 132.11,
130.06, 126.32, 124.87, 122.94, 117.58, 113.17, 108.01, 50.00, 29.11, 5.12. HRMS (ESI) m/z: [M
+ HJ* Caled for C17H16BrN,O,S* 391.0110, Found 391.0111.
2-(0-Tolyl)-3-(tosylmethyl)imidazo[1,2-x]pyridine (3ra) [29]. White solid, 185 mg,
82%, ethyl acetate/n-hexane (1:1), mp.133-134 °C. 'H NMR (300 MHz, CDCl3) 5 8.44 (d,
J=6.9Hz, 1H),7.56 (d,] =9.1 Hz, 1H), 7.22 (dd, ] =9.0, 7.1 Hz, 3H), 7.12 (td, ] = 7.5, 1.4 Hz,
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1H),7.02 (d, ] =7.6 Hz, 3H), 6.94 (t, ] = 7.3 Hz, 1H), 6.86 (td, ] = 6.9, 1.2 Hz, 1H), 6.62 (dd,
] =7.5,1.3 Hz, 1H), 4.64 (s, 2H), 2.31 (s, 3H), 1.91 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3) 5
147.69, 145.66, 145.06, 137.38, 134.49, 131.82, 130.30, 129.87, 128.43, 128.05, 125.82, 125.29,
125.15,117.48, 112.86, 109.31, 52.29, 21.67, 20.00.
2-(m-Tolyl)-3-(tosylmethyl)imidazo[1,2-«]pyridine (3rb) [29]. White solid, 199 mg,
88% yield, ethyl acetate/n-hexane (1:1). TH NMR (300 MHz, CDCl3) 5 8.38 (d, ] = 6.9 Hz,
1H), 7.59 (dd, ] =9.1, 1.2 Hz, 1H), 7.30 (d, | = 8.3 Hz, 2H), 7.25-7.20 (m, 1H), 7.09(d, ] = 1.3
Hz, 1H),7.02 (d, ] =9.1 Hz, 5H), 6.84 (td, ] = 6.9, 1.2 Hz, 1H), 4.79 (s, 2H), 2.27 (s, 3H), 2.23 (s,
3H). 13C{1H} NMR (75 MHz, CDCl3) & 147.50, 145.92, 145.26, 138.09, 134.39, 132.84, 129.84,
128.95, 128.26, 128.21, 126.06, 125.22, 125.04, 117.46, 112.93, 108.27, 52.81, 21.70, 21.47.
2-(4-Methoxyphenyl)-3-(tosylmethyl)imidazo[1,2-«]pyridine (3rc) [29]. White solid,
212 mg, 90% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 6§ 8.31 (d,
J=69Hz, 1H),7.56 (d, ] =9.0 Hz, 1H), 7.34 (d, ] = 8.3 Hz, 2H), 7.24-7.18 (m, 3H), 7.03 (d,
J=7.8Hz, 2H), 6.81 (td, | = 6.9, 1.2 Hz, 1H), 6.76-6.68 (m, 2H), 4.75 (s, 2H), 3.74 (s, 3H),
2.28 (s, 3H). 3C{1H} NMR (75 MHz, CDCl3) 5 159.64, 147.23, 145.81, 145.27, 134.46, 129.80,
129.44,128.16, 125.88, 125.46, 124.80, 117.24, 113.75, 112.75, 107.63, 55.31, 52.86, 21.63.
2-(4-Fluorophenyl)-3-(tosylmethyl)imidazo[1,2-«]pyridine (3rd) [29]. White solid,
189 mg, 83% yield, ethyl acetate/n-hexane (1:1). H NMR (300 MHz, CDCl3) § 8.32 (d,
J=7.0Hz, 1H), 7.57 (d, ] = 9.1 Hz, 1H), 7.33 (d, ] = 8.3 Hz, 2H), 7.29-7.20 (m, 3H), 7.04 (d,
J = 8.0 Hz, 2H), 6.94-6.80 (m, 3H), 4.74 (s, 2H), 2.33-2.26 (m, 3H). 3C{1H} NMR (75 MHz,
CDCl3) 4 164.54, 161.25, 146.39, 145.94, 145.59, 134.49, 130.18, 130.07, 129.99, 129.21, 129.16,
128.28, 126.40, 125.04, 117.47, 115.59, 115.31, 113.18, 108.29, 52.74, 21.75.
2-(4-Chlorophenyl)-3-(tosylmethyl)imidazo[1,2-x]pyridine (3re) [29]. White solid,
202 mg, 85% yield. ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 5 8.33 (d,
J=7.0Hz, 1H),7.58 (d, ] =9.1 Hz, 1H), 7.33 (d, ] = 8.3 Hz, 2H), 7.26-7.16 (m, 5H), 7.04 (d,
J = 8.0 Hz, 2H), 6.86 (t, ] = 7.3 Hz, 1H), 4.75 (s, 2H), 2.30 (s, 3H). 3C{1H} NMR (75 MHz,
CDCl3) 4 210.22, 146.05, 146.00, 145.62, 134.36, 134.30, 131.55, 129.94, 129.50, 128.59, 128.24,
126.39, 124.93, 117.53, 113.19, 108.46, 52.64, 21.72.
2-(4-Nitrophenyl)-3-(tosylmethyl)imidazo[1,2-«]pyridine (3rf). White solid, 183 mg,
75% yield, ethyl acetate/n-hexane (1:1), mp.133-134 °C. 'H NMR (300 MHz, CDCl3) 5 8.44
(d, ] =7.0 Hz, 1H), 8.23-8.11 (m, 2H), 7.74 (d, ] = 9.1 Hz, 1H), 7.69-7.63 (m, 2H), 7.48 (d,
] = 8.3 Hz, 2H), 7.43-7.37 (m, 1H), 7.16 (d, ] = 8.0 Hz, 2H), 7.01 (td, ] = 6.9, 1.1 Hz, 1H),
4.85 (s, 2H), 2.38 (s, 3H). 13C{1H} NMR (75 MHz, CDCl3) § 147.47, 146.35, 145.95, 144.83,
139.70, 134.42, 130.14, 128.98, 128.33, 126.97, 125.02, 123.68, 117.89, 113.69, 109.65, 52.69,
21.74. HRMS (ESI) m/z: [M + H]* Calcd for Cp1H1gN304S* 408.1013, Found 408.1013.
8-Methyl-2-phenyl-3-(tosylmethyl)imidazo[1,2-a]pyridine (3sa) [29]. White solid,
201 mg, 93% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) 6 8.21 (d,
J=6.8Hz, 1H), 7.30 (d, ] = 8.3 Hz, 2H), 7.20 (dt, ] = 9.6, 2.8 Hz, 5H), 7.00 (d, ] = 7.9 Hz, 3H),
6.74 (t, ] = 6.9 Hz, 1H), 4.75 (s, 2H), 2.56 (s, 3H), 2.26 (s, 3H). *C{1H} NMR (75 MHz, CDCl3)
5146.96, 146.32, 145.22, 134.42, 133.25, 129.83, 128.44, 128.31, 128.19, 127.99, 127.44, 124.82,
122.74,112.91, 108.61, 52.85, 21.68, 17.18.
7-Methyl-2-phenyl-3-(tosylmethyl)imidazo[1,2-«]pyridine (3sb) [29]. White solid,
199 mg, 88% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) & 8.23 (d,
J=7.1Hz, 1H), 7.34 (s, 1H), 7.27 (d, ] = 8.3 Hz, 2H), 7.20-7.15 (m, 5H), 6.98 (d, ] = 8.0 Hz,
2H), 6.67 (dd, ] = 7.1, 1.6 Hz, 1H), 4.75 (s, 2H), 2.35 (d, ] = 1.0 Hz, 3H), 2.26 (s, 3H). 13C{1H}
NMR (75 MHz, CDCl3) & 147.02, 146.35, 145.25, 137.28, 134.16, 133.04, 129.79, 128.28, 128.15,
128.02, 124.20, 115.84, 115.56, 107.65, 52.69, 21.66, 21.44.
6-Methyl-2-phenyl-3-(tosylmethyl)imidazo[1,2-a]pyridine (3sc) [29]. White solid,
203 mg, 90% yield. ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) & 8.12
(s, 1H),7.57 (d, ] =9.1 Hz, 1H), 7.38 (d, ] = 8.3 Hz, 2H), 7.34-7.25 (m, 5H), 7.15 (dd, ] =9.2,
1.4 Hz, 1H), 7.07 (d, ] = 8.1 Hz, 2H), 4.86 (s, 2H), 2.36 (d, ] = 6.8 Hz, 6H). 13C{1H} NMR
(75 MHz, CDCl3) & 147.19, 145.32, 145.04, 134.35, 133.19, 129.85, 129.15, 128.33, 128.27,
128.20, 128.04, 122.69, 122.52, 116.86, 108.00, 52.81, 21.70, 18.55.
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7-Chloro-2-phenyl-3-(tosylmethyl)imidazo[1,2-x]pyridine (3sd) [29]. White solid,
190 mg, 80% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) § 8.22
(d, J=73Hz, 1H), 7.74 (d, ] = 1.8 Hz, 1H), 7.26 (d, ] = 8.3 Hz, 2H), 7.18 (s, 5H), 6.98
(d, ] =8.0 Hz, 2H), 6.89 (dd, ] = 7.3, 2.0 Hz, 1H), 4.74 (s, 2H), 2.25 (s, 3H). 3C{1H} NMR
(75 MHz, CDCls) b 147.76, 145.92, 145.44, 133.98, 132.33, 129.85, 128.37, 128.13, 128.03,
125.44, 120.06, 119.50, 116.76, 108.83, 52.35, 21.65.
7-Bromo-2-phenyl-3-(tosylmethyl)imidazo[1,2-«]pyridine (3se). White solid, 211 mg,
80% yield, ethyl acetate/n-hexane (1:1). mp. 231-132 °C. 'H NMR (300 MHz, CDCl3)
58.29 (d, ] =73 Hz, 1H), 7.56 (d, ] = 1.6 Hz, 1H), 7.29-7.25 (m, 2H), 7.19 (s, 5H), 6.99
(d, ] =8.1Hz, 2H), 6.79 (dd, ] = 7.4, 2.1 Hz, 1H), 4.75 (s, 2H), 2.26 (s, 3H). 3C{1H} NMR
(75 MHz, CDCl3) b 147.98, 145.65, 145.45, 134.01, 132.63, 132.41, 129.86, 128.37, 128.12,
128.05, 125.50, 116.17, 114.46, 108.75, 52.39, 21.64. HRMS (ESI) m/z: [M + H]+ Calcd for
C1H1gBrN,O,S* 441.0267, Found 441.0267.
2-(Furan-2-yl)-3-(tosylmethyl)imidazo[1,2-«]pyridine (3ta) [29]. White solid, 173 mg,
82% yield, ethyl acetate /n-hexane (1:1). '"H NMR (300 MHz, CDCl3) § 8.38 (d, ] = 7.0 Hz,
1H), 7.60 (d, ] = 9.2 Hz, 1H), 7.37 (d, ] = 7.9 Hz, 2H), 7.29 (t, ] = 8.2 Hz, 1H), 7.12 (s, 1H), 7.05
(d,J=8.0Hz, 2H), 6.92 (d,] =7.0 Hz, 1H), 6.67 (d, | = 3.0 Hz, 1H), 6.35-6.24 (m, 1H), 5.07 (s,
2H), 2.26 (s, 3H). 3C{1H} NMR (75 MHz, CDCl3) & 148.92, 146.24, 145.13, 142.10, 137.51,
133.82,129.22, 128.31, 126.45, 124.67, 117.09, 112.98, 111.08, 108.44, 107.95, 52.55, 21.50.
2-(t-Butyl)-3-(tosylmethyl)imidazo[1,2-a]pyridine (3tb).> White solid, 176 mg, 86%
yield, ethyl acetate/n-hexane (1:1). H NMR (300 MHz, CDCl3) 5 8.21 (d, ] = 6.9 Hz, 1H),
7.60 (d,] =8.2Hz, 3H), 7.28 (d, ] = 8.0 Hz, 2H), 7.20 (t, ] = 8.1 Hz, 1H), 6.76 (t, ] = 6.9 Hz,
1H), 4.89 (s, 2H), 2.41 (s, 3H), 1.30 (d, ] = 2.1 Hz, 9H). 1*C{1H} NMR (75 MHz, CDCl;) &
155.80, 145.49, 144.90, 135.55, 130.04, 128.52, 125.27, 124.20, 116.92, 112.12, 106.12, 53.60,
34.18, 30.84, 21.68.
6-Phenyl-5-tosyl-2,3-dihydroimidazo[2,1-b]thiazole (3ua) [29]. White solid, 171 mg,
80% yield, ethyl acetate/n-hexane (1:1). H NMR (300 MHz, CDCl3) § 7.40 (d, ] = 7.8 Hz,
1H), 7.06 (d, ] = 8.1 Hz, 1H), 4.45 (s, 1H), 4.29 (t, ] = 7.4 Hz, 1H), 3.78 (t, ] = 7.3 Hz, 1H).
13C{1H} NMR (75 MHz, CDCl3) & 151.08, 147.55, 145.20, 133.87, 133.20, 129.67, 128.06,
128.03, 127.10, 126.68, 113.96, 53.18, 46.11, 34.77, 21.55.
6-Phenyl-5-tosylimidazo[2,1-b]thiazole (3ub) [29]. White solid, 165 mg, 78% yield,
ethyl acetate/n-hexane (1:1). IH NMR (300 MHz, CDCl3) 5 7.67 (d, ] = 4.5 Hz, 1H), 7.43 (d,
J=8.0 Hz, 2H), 7.27-7.15 (m, 5H), 7.12 (d, ] = 7.9 Hz, 2H), 6.86 (d, ] = 4.4 Hz, 1H), 4.69 (s,
2H), 2.34 (s, 3H). 3C{1H} NMR (75 MHz, CDCl3) & 150.77, 148.42, 145.37, 134.00, 133.01,
129.83,128.27, 128.16, 127.78, 127.49, 119.07, 112.72, 109.77, 77.58, 7716, 76.74, 53.45, 21.62.
2-(Thiophen-2-yl)-3-(tosylmethyl)imidazo[1,2-«] pyrimidine (3uc) [29]. White solid,
177 mg, 80% yield, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) § 8.72 (d,
J=6.7Hz, 1H), 8.60 (s, 1H), 7.48 (d, ] = 7.9 Hz, 2H), 7.29 (d, ] = 5.2 Hz, 1H), 7.15 (d,
] =7.9 Hz, 2H), 7.07 (d, ] = 3.2 Hz, 1H), 6.94 (s, 2H), 4.91 (s, 2H), 2.33 (s, 3H). '*C{1H} NMR
(75 MHz, CDCl3) 6 151.32, 148.80, 145.86, 142.92, 135.04, 134.03, 132.76, 130.04, 128.37,
127.58,127.18, 126.24, 109.20, 106.21, 52.67, 21.71.
3-Methyl-1-phenyl-4-(tosylmethyl)-1H-pyrazol-5-amine (3ud) [34]. Yellow solid, 167 mg,
yield 82%, ethyl acetate/n-hexane (1:1). 'H NMR (300 MHz, CDCl3) § 7.65 (d, | = 8.3 Hz,
2H), 7.50-7.42 (m, 4H), 7.37-7.28 (m, 3H), 4.40 (br s, 2H), 4.12 (s, 2H), 2.43 (s, 3H), 1.62 (s,
3H). 3C{1H} NMR (75 MHz, CDCl;) & 148.75, 145.56, 144.99, 138.05, 134.66, 129.78, 129.58,
128.54,127.61, 124.01, 90.17, 53.08, 21.65, 11.24.

4. Conclusions

In conclusion, we have developed a new sulfonylmethylation approach for imidazo[1,2-
a]pyridines with DMA and sodium sulfinates affording diverse 3-(sulfonylmethyl)imidazo[1,2-
a]pyridines in good yields with impressive simplicity. Free radical trapping and isotope
labeling experiments showed that an oxidation-addition pathway might be included, and
DMA provided carbon in this reaction.
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Abstract: Although lignin is a plentiful biomass resource, it continually exists as an underutilized
component of biomass material. Elemental sulfur is another abundant yet underutilized commodity
produced as a by-product resulting from the refining of fossil fuels. The current study presents a
strategy for preparing five durable composites via a simple one-pot synthesis involving the reaction
of lignin o0il and elemental sulfur. These lignin oil-sulfur composites LOS@T (where x = wt. %
sulfur, ranging from 80 to 90, and T represents the reaction temperature in °C) were prepared via
the reaction of elemental sulfur and lignin oil (LO) with elemental sulfur. The resulting composites
could be remelted and reshaped several times without the loss of mechanical strength. Mechanical,
thermal, and morphological studies showed that LOS,@T possesses properties competitive with
some mechanical properties of commercial building materials, exhibiting favorable compressive
strengths (22.1-35.9 MPa) and flexural strengths (5.7-6.5 MPa) exceeding the values required for many
construction applications of ordinary Portland cement (OPC) and brick formulations. While varying
the amount of organic material did not result in a notable difference in mechanical strength, increasing
the reaction temperature from 230 to 300 °C resulted in a significant increase in compressive strength.
The results reported herein reveal potential applications of both lignin and waste sulfur during the
ongoing effort toward developing recyclable and sustainable building materials.

Keywords: sustainable composites; sulfur; lignin; lignin oil; compressive strength

1. Introduction

Lignin holds about 30% of the Earth’s carbon [1-4] and is a widely available potential
feedstock for the chemical industry. Biomass processing produces over 5 billion mt of waste
lignin annually, and paper production contributes a supplementary 600,000 tons/year of
lignin waste [5]. Despite the high abundance of lignin, its complex structure (Figure 1a) [6-10]
introduces many challenges when developing methods for its valorization [11-16]. Lignin
is composed of mixtures of coniferyl alcohol, 4-p-coumaryl alcohol, and sinapyl alcohol
units linked together, forming the subunits p-hydroxyphenyl, guaiacyl, and syringyl,
correspondingly, in lignin (Figure 1b) [17-28]. The magnitude of the contribution of each
component varies with both the plant species and the part of the plant from which the
lignin is derived [1,29,30].

Both “upstream” and “downstream” processes contribute to efficient lignin valoriza-
tion. Upstream processes involve separating and isolating lignin, lignin bioengineering,
and catalytic conversion, whereas downstream methods involve the depolymerization and
upgrading of lignin [31-33]. Depolymerization yields bio-oils or lignin oils comprising
mixtures of small molecular fragments of lignin and is among the most promising routes to
lignin employment. Green methods of lignin depolymerization are therefore being hotly
pursued. A few “green” solvents employed in extraction processes involve supercritical
fluids, liquified gases, and bio-based solvents. Supercritical fluid extraction (SFE) requires
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an extraction solvent that can be removed easily, a shorter extraction time, and enhanced
selectivity and efficiency [34]. Bio-based solvents are derivative of a broad range of biomass
sources, including the extraction of vegetable oils, the fermentation of carbohydrates, and
the steam distillation of wood [35-37]. Liquified gases are another green solvent. They
require low temperature for easy evaporation, allowing for room-temperature liquid gas
extractions to be performed at room temperature, consuming minimal energy and extracts
containing an insignificant amount residual solvents [38,39]. A recent report [40] discussing
lignin’s mild thermolytic solvolysis of yielding a solubilized form of lignin (termed lignin
oil) garnered particular interest for the present study due to the process being performed
at temperatures ranging from 100 to 350 °C by means of various alcohols as solvents [41].
By heating in an ethanol solvent at a low temperature of 100 °C, this procedure accessibly
accomplished the conversion of lignin (64 wt. %) to the desired product, lignin oil (LO).
Ethanol is a preferred green solvent and is advantageous because of its low cost and avail-
ability [42—45]. Lignin oil produced by this reported procedure was used in the studies
described herein.

Another, existing abundant, and underutilized by-product is elemental sulfur. Over
80 Mt/y of elemental sulfur is produced from fossil fuel refining [46-62]. Multiple efforts
have been previously reported for preparing composites from lignin or lignin derivatives
and elemental sulfur [63-67].

Early examples of high-sulfur-content materials (HSMs) were made using the inverse
vulcanization [57,68-82] of olefins [64,83-92]. The preparation of lignin—sulfur composites
thus required the modification of lignin with olefin-bearing substituents before the reaction
with sulfur could take place [63,65]. The previously reported LSy (where x = wt. % sulfur,
varying between 80 and 99), for example, was prepared using allyl-derivatized lignin
(10 wt. %) [63], while ELS,@T (where x = wt. % sulfur, varying between 80 and 90, and T
represents reaction temperature in °C) was prepared by reactions of oleic-esterified lignin
with sulfur [65]. Two reaction temperatures were used for the preparation of ELS,@T
due to the fact that the reaction at 180 °C strictly produces S—C bonds at olefinic sites,
while reacting at a higher temperature of 230 °C can produce S—C bonds at both olefinic
sites and aryl sites [65]. Although LS« and ELS,@T proved to be durable lignin—sulfur
composites, the multistep synthesis required the use of solvents and separation methods
that detracted from the desired greenness, affordability, and process atom economy related
to these materials.

The preparation of CLSgg (90 wt. % S, 10 wt. % chlorolignin, a paper/pulping waste
product) [93] via the reaction of sulfur (90 wt. %) with chlorolignin (10 wt. %) through
radical-induced aryl halide-sulfur polymerization (RASP) [94] presented a more profi-
cient one-pot synthesis to produce a durable composite [95]. However, this process yields
0.5 equivalents of toxic S,Cl, for each C-S bond formed, making it less environmentally
friendly and less atom-economical compared to composites prepared via inverse vulcaniza-
tion. A wide range of composites incorporating lignin have also been reported that do not
require sulfur [96-105].

The search for a more sustainable S-C bond forming reaction to allow the direct
utilization of lignin without the need for olefination has simplified the synthetic process
toward lignin—sulfur composites and has improved the atom economy of the processes
used for their preparation. Recently reported C-S bond-forming mechanisms during the
reaction of sulfur with anisole derivatives (Scheme 1) such as O,0’-dimethylbisphenol
A [106], guaiacol [64], and others [107] suggest that the direct reaction of lignin oil mixtures
with sulfur was possible, as was validated in a recent proof-of-principle study detailing the
crosslinking that takes place between sulfur and small lignin derivatives present in lignin
oil [108].

Herein, five composites were prepared by heating lignin oil (LO) with elemental sulfur
for 2 h. The composites, including LOS,@T (where x = wt. % sulfur, varying from 80 to 90,
and T represents the reaction temperature in °C), were of interest to exploit the features of
previously reported ELSqy@180 and ELSqy@230 due to S-C bond-forming at both olefinic
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and aryl sites after an increase in temperature. Previously studied model compounds
with functional groups found within thermal degradation products or lignin subunits
were reacted with elemental sulfur, implementing matching conditions [107] as reported
to enhance the understanding of S-C bond-forming reactions within the lignin-sulfur
composites prepared herein (Scheme 1a). The thermal, morphological, and mechanical
properties were analyzed using powder X-ray diffraction (XRD), scanning electron mi-
croscopy accompanied by elemental mapping via energy-dispersive X-ray analysis (SEM-
EDX), thermogravimetric analysis (TGA), flexural strength analysis, mechanical test stand
analysis, and differential scanning calorimetry (DSC).
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Figure 1. Structure displaying a lignin polymer (a) and lignin biosynthetic precursors (b).
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Scheme 1. (a) S-C bond-forming reactions for lignin-derived small molecules bearing some combina-
tion of —CHj3, —OH, and —OCHj substituents [107] and (b) the major S-C bond forming reaction of
composite GSgy from sulfur and guaiacol. Polymeric sulfur is represented by —Sy— with subscript
letters w, x, y, and z signifying some amount of sulfur in the polymer chain.

2. Results and Discussion
2.1. Synthesis and Chemical Characterization of Composites

The lignin oil utilized herein was prepared and characterized as previously reported [108].

Composites LOS,@T (where x = wt. % sulfur, varying from 80 to 90, and T represents
the reaction temperature in °C) were prepared by heating lignin oil (10, 15, or 20 wt. %) and
sulfur (90, 85, or 80 wt. %) to the requisite temperature in a sealed vessel for 2 h. The com-
posites LOSgy@230 and LOSg; @230, and LOSgy@230 [108] were prepared in thick-walled
glass pressure vessels slowly heated to 230 °C and then held at 230 °C for 2 h. Composites
LOSyy@250 and LOSgy@300 were prepared in a stainless steel autoclave reactor The com-
posites were mechanically stirred and slowly heated to either 250 °C or 300 °C, respectively,
and held at that temperature for 2 h. After cooling to room temperature, all the materials
solidified into a dark brown, remeltable solid. After melting, the composite material was
transferred into molds for shaping and cooled to room temperature (Figures 2 and 3).

The sulfur present in high sulfur-content materials (HSMs) exists as both —S,—
chains that are linked covalently to the organic comonomers and entrapped sulfur
species such as cyclo-Sg, known as “dark sulfur”, which is not linked covalently to
the organic comonomers [109-111]. Dark sulfur’s relative quantity within an HSM can
influence both its thermal and its mechanical properties. In this study, dark sulfur was
extracted from each HSM using ethyl acetate. The wt. % of each sample that was soluble
(dark sulfur) and the insoluble fraction (organic crosslinked network) are provided in
Table 1. The majority of sulfur in the reported lignin—-sulfur composites was stabilized
as covalently attached crosslinking catenates, with all of the composites showing a
similar contribution of dark sulfur over a narrow range of 22-31 wt. %. Elemental
analysis confirmed that very little organic material was extractable, with soluble portions
consisting of 94-99% sulfur. It is important to note that the extraction experiment
was only conducted to assess the relative contributions of the dark sulfur and of the
crosslinked network to the overall structure. All subsequent thermal, morphological,
and mechanical testing was conducted on the complete composites, comprising the
network with the entrapped dark sulfur.
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Figure 2. Representative photos of compressional cylinders of (from left to right) LOSg @230,
L0585@230, L0890@230, L0590@250, and L0590@300.

Figure 3. Representative photos of rectangular prisms for flexural strength tests of LOSgy@230 (left)
and LOSg;@230 (right).

Table 1. Soluble (dark sulfur) and insoluble (crosslinked material) wt. % fractions of lignin-sulfur

composites.
Materials Dark Sulfur [ Crosslinked Material [2]
(wt. %) (wt. %)
L0580@230 22 82
L0585@230 31 77
L0590@230 21 82
L0590@250 24 78
L0590@300 22 81

[l Sum of soluble and insoluble fractions is greater than 100% due to rounding and errors associated with
the measurements.

Powder X-ray diffraction (PXRD) (Figures 4-6 and S51-S5, Supplementary Materials)
was used for the initial qualitative assessment of crystallinity and species contributing to the
crystalline domains of LOS,@T composites. As the amount of organic material increased,
the PXRD data reveal the anticipated corresponding reduction in crystallinity: LOSg@230
is a crystalline polymer, LOSg;@230 is a partially amorphous polymer, and LOSgy@230
is primarily amorphous. This trend reflects the diminished capacity for the crystalline
packing of poly/oligosulfur crosslinking chains as they become progressively shorter in
response to the availability of more organic crosslinkable sites. The sharp peaks are the
crystalline sulfur, while broad baselines between 20 and 30 26, most noticeable for the
amorphous LOSgy@230 (Figure 6), are characteristic of the polymer. LOSgy@230 is almost
entirely crystalline sulfur within the polymer composite, as seen by the very tall, sharp
peaks (Figure 4). While PXRD provides qualitative confirmation of a decreasing percentage
of crystallinity with increasing organic comonomer, it only provides a semiquantitative
estimate of the percentage of crystallinity. Due to the nature of the composite having
numerous diffractions of crystalline sulfur, it is difficult to identify lignin’s contribution
within the pattern. Therefore, differential scanning calorimetry (DSC) data were used to
calculate a more accurate percentage crystallinity for the composites (Table 2). We find that
the percentage crystallinity values correlate quantitatively well with the PXRD patterns,
which show increasing intensity of broad features about 20-30 20.

FT-IR spectra revealed further evidence of the formation of C-S bonds between the
polymeric sulfur and lignin oil components (Figure 7). At 660 cm~!, a visible peak
indicates a C-S stretch [112,113]. The IR spectra (Figures S6 and S7, Supplementary
Materials) also revealed that LOS@T composites preserved peaks characteristic of LO
such as O-H stretches (3200-3500 cm 1), C—H stretches (2930 cm 1), and C-O stretches
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(1030-1200 cm 1) [114,115]. Other important peaks to note are those characteristic of lignin
bands such as the C=0O aromatic skeletal vibration observed from 1600 to 1620 cm ! and the
unconjugated carbonyl groups observed from 1700 to 1720 cm~!. As previously reported,
the C-S stretch for LOSgy@230 is predictably broadened because it has the lowest organic
content and reaction temperature of the composites and therefore the longest average poly-
sulfur chains between organic sites, leading to the greatest polydispersity of the possible
bond stretch energies. The displacement of the bands observed can also be attributed to the
reaction temperatures of the different composites. For example, slightly sharper peaks were
observed in LOSgy@230, LOSg5@230, and LOS¢,@230 from 600 to 1200 cm ! (Figure S8,
Supplementary Materials) when compared to LOSg@250 and LOS¢;@300, which were
reacted at higher temperatures.
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Figure 4. Powder XRD data for LOSgy@230.
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Figure 5. Powder XRD data for LOSg;@230.
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Figure 6. Powder XRD trace for LOSg,@230.
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Table 2. Thermal and morphological properties of lignin oil-sulfur composites, elemental sulfur, and
other composites.

. aljo b0 d AH, AH Percentage
Materials Ta /°C T[m/ C T{g’DSC/ C Jig g Cryst[;‘iillhmty
LOSgo@230 [e] 229 114 —36 26 ND [l 57
LOSg5@230 [e] 230 106 -35 35 26 19
LOSgy@230 [el 230 105 -35 32 32 1
LOS90@250 €] 231 117 —-36 30 16 30
LOS90@300 [ 230 119 ND [} ND [l ND [} ND [l
LSg If] 236 118 —34 30 25 8
LSgs ] 235 118 —35 34 13 40
LSq [} 237 117 ND [l 34 ND [l 67
LSos [f] 235 107 ND 1} 37 ND 1} 63
LSgq [f] 233 113 ND 0] 47 ND [] 91
GSgo 8! 264 ND [ -30 ND [ ND il ND [
ELSgy@180 M 230 117 —37 ND [l ND [} ND [l
ELSy@230 [h] 234 117 —37 ND [il ND [l ND [il
ELSgy@180 [N 231 117 —37 ND I ND U ND [l
Sg [l 228/229 119 ND [l 45 ND [l 100

[2] The temperature at which a mass loss of 5% is observed. [Pl The peak temperature at the peak maximum of the
endothermic melting. [l Glass transition temperature. [4] Percentage crystallinity reduction for each composite
sample calculated with respect to sulfur (normalized to 100%). [¢] Lignin oil and elemental sulfur (where x = wt. %
sulfur, varying from 80 and 90, and T represents the reaction temperature in °C). [fl LS, composites comprising
10 wt. % allyl-derivatized lignin and elemental sulfur, where x = wt. % sulfur in monomer feed, ranging from 80
t0 99. 18] Composites consisting of guaiacol (20 wt. %) and elemental sulfur (80 wt. %). [’ ELS,@T composites
comprising esterified lignin and elemental sulfur (where x = wt. % sulfur in the reaction mixture, varying from 80
to 90, and T represents the reaction temperature in °C). [l Elemental sulfur. ! Not determined.
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Figure 7. Portion of the FT-IR spectrum revealing the S-C stretch for LOSgy@230 (grey trace),
LOSg5@230 (orange trace), LOSgy@230 (blue trace), LOSgy@250 (yellow trace), and LOSgo@300 (green
trace). The entire set of IR spectra are presented in the Supplementary Materials file.

Scanning electron microscopy (SEM, Figures 58-512) imaging accompanied by element
mapping by energy-dispersive X-ray analysis (EDX) was utilized to evaluate the dispersal
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of elements in the LOS,@T composites (Figure 8). SEM/EDX data revealed a homogeneous
distribution of sulfur, carbon, and oxygen.
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Figure 8. Elemental mapping of the elements carbon (green, left), oxygen (blue, middle), and sulfur
(red, right) in (a) LOSgy@230, (b) LOSg5@230, (c) LOSgy@230, (d) LOSgy@250, and (e) LOSgy@300 by
energy-dispersive X-ray analysis (EDX).

2.2. Thermal and Morphological Properties of LOS,@T

The thermal stability of the reported LOS@T composites was assessed using thermo-
gravimetric analysis (Figure 9). The TGA data for lignin oil (LO) prior to its reaction with
elemental sulfur are also provided in Figure 9, and the origin of the decomposition events
in LO have been previously delineated [116]. The TGA trace for each of the composites
showed a single decomposition temperature (T4) ranging from 229 to 231 °C. These tem-
peratures are characteristic of such HSMs due to the fact that elemental sulfur has a T4 of
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229 °C, which is attributable to the sublimation of sulfur in the LOS@T composites. The
smaller decomposition event at >300 °C in LOSgy@230 and LOSgq@250 is likely attributable
to similar mechanisms leading to the corresponding decomposition events observed in
lignin oil. The T4 values for LOS@T and other previously reported lignin-containing
HSMs are summarized in Table 2.

100
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g - - - LOSg@230
a 60 LOSs@230
3 —— LOS4@230
= LOSe,@250
.09; 40 LOSes@300
< — Lo
20
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25 225 425 625 825 1025

Temperature (°C)

Figure 9. Thermogravimetric analysis (TGA) traces for LOSgy@230 (grey dashed line), LOSg; @230
(orange dotted line), LOSgy@230(blue solid line), LOSgy@250 (yellow solid line), LOSgy@300 (green
solid line), and lignin oil (LO) (pink solid line).

The analysis of LOSx@T composites by differential scanning calorimetry (DSC)
(Figures S13-527, Supplementary Materials) showed thermal transitions that were con-
comitant with the presence of polymeric sulfur and cyclo-Sg. LOSgq@230, LOSqy@250, and
LOSgp@300 exhibited the melting peaks (114 °C, 117 °C, and 119 °C) expected for cyclo-Sg.
However, LOSg5 @230 and LOSg @230 exhibited lower melting peaks at 106 °C and 105 °C,
indicating an «-to-§ transition of sulfur. A glass transition temperature (Tg) was also
witnessed (Figure 10) at —35 °C or —36 °C for all composites other than LOSgy@300, diag-
nostic for polymeric sulfur [117-119]. Similar to the previously studied LSgp99 composites,
LOSgy@300 did not exhibit a glass transition temperature. This is likely due to the higher
temperature allowing for more crosslinking, leading to shorter sulfur chains.

Melting and cold crystallization enthalpies determined from DSC data were employed
for the calculation of the percentage crystallinity of the composites, further indicating the
presence of cyclo-Sg, using Equation (1).

AH,, — AH,,
Axe=1-— x 100% (1)
‘ {AHm(S) — AH,(s) }

where AX, signifies the change in the percentage crystallinity with respect to sulfur, AH,,
signifies the melting enthalpy of the composite, AH,, represents the cold crystallization
enthalpy of the composite, AH ) is sulfur’s melting enthalpy, and AH(s) is sulfur’s cold
crystallization enthalpy.

The percentage crystallinity of LOSqy@230 is 57% relative to the crystallinity of pure
elemental sulfur. Lower percentage crystallinity results in the reduced brittleness of
HSMs. Compared to LSy composites (Table 1), LOSgy@230 possesses a lower percent-
age crystallinity than any of the composites made from allylated lignin, for example,
LSgp-99 (percentage crystallinity of 67-91%). However, LOSqy@230 possesses a higher
percentage crystallinity than that of composites LSgy (8%) and LSgs (40%), reflecting the
trend more qualitatively revealed by PXRD data (vide supra). These trends are summa-
rized in Figure 11. LOSg;@230 also has a lower percentage crystallinity (19%) than that of
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LOSqy@230 (57%) and LSgs_g9 (40-91%). However, LOSg5@230 possesses a higher percent-
age crystallinity than that of composite LSgy (8%). The reaction temperature does not seem
to have a significant effect on the percentage crystallinity of lignin—sulfur materials.

Heatflow (mW)

-45 -40 -35 -30 =25
Temperature (°C)

Figure 10. Inset of differential scanning calorimetry (DSC) thermograms emphasizing the glass tran-
sition temperature (T) of LOS9o@230 (blue solid line), LOSgs@230 (orange dotted line), LOSgy@230
(grey dashed line), LOS9y@250 (yellow solid line), and LOSgy@300 (green solid line). Full DSC
thermographs from —60 to 140 C° are provided in the Supplementary Information file.
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Figure 11. A graphical representation of the general trend of the effect increasing the percentage of or-
ganic material has on the percentage crystallinity of LSy (blue triangles) and LOS @T (orange circles).

2.3. Mechanical Properties and Environmental Impact Considerations

The LOS,@T composites studied herein must meet the specified mechanical strength
requirements to be considered as potential replacements for less sustainable materials. For
example, OPC requires a compressive strength greater than 17 MPa and a flexural strength
greater than 3 MPa. The compressive strength of the LOS@T composites reported exceeded
that required of OPC with strengths ranging from 22.1 to 35.9 MPa. Other lignin-containing
HSMs have been reported and compared to the LOS,@T composites. The composites
ELS,@T (where x = wt. % sulfur in the reaction mixture and T represents the reaction tem-
perature in °C), for example, were prepared by reacting sulfur with oleic-esterified lignin.
ELSgo@180 has a notably lower compressive strength (10.9 MPa) than LOS,@T composites.
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ELSgy@180 comprises twice the amount of organic component as LOSgg, LOSg@250, and
LOSqy@300. ELSgy@180 was also reacted at a much lower temperature in comparison to
LOS,@T composites, whose reaction temperatures ranged from 230 to 300 °C. A larger
amount of organic material and lower reaction temperature possibly contributes to a lower
sulfur rank, resulting in a lower compressive strength. The ELSqy@180 and ELSqy@230 com-
posites exhibited similar compressive strengths as the LOSgy@230, LOSg5@230, LOSgy@230,
and LOSgy@250 composites. The LOSgy@300 exhibited a much higher compressive strength
(35.9 MPa) than all other composites reported in Table 3 and compared graphically in
Figure 12 (stress—strain plots are presented in Figures S28-532, Supplementary Materials).
This can possibly be attributed to the higher reaction temperature of 300 °C, which can
lead to a higher sulfur rank and a higher compressive strength [65]. While there was not a
clear trend displaying how an increase in organic material affects the compressive strength,
an increase in compressive strength is observed as the reaction temperature is increased
(Figure 13). The preparation of the oleic-esterified lignin (the precursor for ELS,@T) is a
much more time- and energy-intensive process compared to the process for preparing
the lignin oil required for preparing LOS,@T composites. Therefore, preparing lignin-
oil-containing HSMs is a more realistic concept for acquiring comparable compressive
strength features.

Table 3. Mechanical properties of the lignin—sulfur composites LOSx@T with other previously
reported lignin-containing HSMs composites for comparison.

Materials Compressive Strength (MPa) Flexural St{;ﬁ,gat)h /Modulus Comp(gzss;vSPSér)ength
LOSg@230 [ 21+25 5.7/186 130
LOSgs@230 [a] 260403 6.5/236 153
LOSgo@230 [a] 226+17 ND [kl 133
LOS90@250 [] 221+13 ND [k 130
LOS90@300 [a] 359+15 ND [k 211

LSg [P! ND [k 2.1/87 ND [k
LSgs [P ND [K] 1.5/76 ND
LSg P! ND [k 1.7/57 ND
LSos [P ND [K] ND [k ND
LSoq [P ND [K] ND [kl ND
GSg [ ND [K] ND [k ND
ELSg @180 [d] 201423 3.3/ND ¥ 118
ELSq@230 ! 268 + 0.5 3.9/ND K 158
ELSg,@180 l! 10.9 + 0.85 2.7/ND K 64

CLSg [ ND [K] 3.6/ND K ND [k
mAPSys [f] 17.0 5.6/ND [k 100
opc lsl 17.0 3.7/580 100
S-DCPD (1:1) [M ND 6.0/3700 ND
S-DCPD-linseed oil (2:1:1) [ ND 4.7 /1250 ND
S-DCPD-limonene (2:1:1) ] ND 1.9/1750 ND

[l LOS,@T composites made from lignin oil and elemental sulfur (where x = wt. % sulfur, varying from 80 to
90, and T represents the reaction temperature in °C). bl s, composites comprising 10 wt. % allyl-derivatized
lignin and elemental sulfur, where x = wt. % sulfur in monomer feed, varying from 80 to 99. [l Composites
comprising guaiacol (20 wt. %) and elemental sulfur (80 wt. %). [4 ELS,@T composites comprising esterified
lignin and elemental sulfur (where x = wt. % sulfur in the reaction mixture, varying from 80 to 90 and T
represents the reaction temperature in °C). ¥l Composites comprising chlorolignin (20 wt. %) and elemental sulfur
(80 wt. %). Il Composites comprising allyl lignin (2 wt. %), allyl cellulose (3 wt. %) and elemental sulfur (95 wt. %).
[8] Ordinary Portland cement. (" Composites comprising elemental sulfur (50 wt. %) and dicyclopentadiene
(DCPD) (50 wt. %). [l Composites comprising elemental sulfur (50 wt. %), DCPD (25 wt. %), and linseed oil
(25 wt. %). 1] Composites comprising elemental sulfur (50 wt. %), DCPD (25 wt. %), and limonene (25 wt. %).
I Not determined.
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Figure 12. Graphical representation comparing the flexural strength (blue bars) and compressive
strength (orange bars) of LOS,@T composites with lignin—sulfur composites (LSy), lignin/cellulose-
containing sulfur composites (ELSx@T, CLSgy, mAPSys), and ordinary Portland cement (OPC). Bars
not displayed signify that the attendant value was not previously reported for the listed material or
could not be obtained for the current research.
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Figure 13. A graphical representation of the general trend of the effect increasing reaction temperature
has on the compressive strength of ELS,@T (green squares) and LOSy@T (orange circles).

The flexural strengths/moduli of LOSgy@230 and LOSg5@230 composites were tested and
assessed to reveal high flexural strengths (5.7 MPa and 6.5 MPa) and moduli (186 and 236 MPa)
at room temperature (Table 3, stress—strain curves are provided in Figures 533 and 534, Sup-
plementary Materials). These flexural strengths and moduli are much higher than the
flexural strengths of previously reported LS; (where x = wt. % sulfur, prepared by the
inverse vulcanization of allylated lignin) composites with flexural strengths ranging from
1.5 to 2.1 MPa and moduli ranging from 57 to 87 MPa. LOSgy@230 and LOSg5@230 also
exhibited higher flexural strengths than ELS,@T composites (2.7-3.3 MPa), as well as
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CLSgp (3.6 MPa), a chlorolignin-sulfur composite comprising 80 wt. % sulfur. However,
LOSgy@230 exhibited a similar flexural strength to that of mAPSes (5.6 MPa), a composite
prepared by the inverse vulcanization of allyl lignin (2 wt. %), allyl cellulose (3 wt. %), and
95 wt. % sulfur. The flexural strengths/moduli were previously reported for additional
HSM polymers containing organic crosslinkers. For example, dicyclopentadiene (DCPD),
an industrial, inexpensive by-product, forms S-DCPD (50 wt. % dicyclopentadiene and
50 wt. % sulfur) after reaction with elemental sulfur. LOSg5@230 (6.5 MPa) and LOSy,@230
(5.7 MPa) compare moderately to S-DCPD (6.0 MPa). However, S-DCPD experiences a
decrease in flexural strength when organic crosslinkers are incorporated. Linseed oil reacts
with DCPD and sulfur to yield S-DCPD-linseed (50 wt. % sulfur, 25 wt. % dicyclopenta-
diene, and 25 wt. % linseed oil) and exhibits a faintly lower flexural strength (4.7 MPa).
However, when a cheap biomass material known as limonene reacts with DCPD and sulfur
to yield S-DCPD-limonene (25 wt. % dicyclopentadiene, 25 wt. % limonene, and 50 wt. %
sulfur), a considerably lower flexural strength is revealed (1.9 MPa). Conversely, the flexu-
ral moduli of S-DCPD-linseed (1250 MPa), S-DCPD (3700 MPa), and S-DCPD-limonene
(1750 MPa) [120] considerably surpass those of LOSg;@230 (236 MPa) and LOSgy@230
(186 MPa). Another important observation to note is that the flexural strengths of both the
LOSgy@230 and LOSgs@230 composites exceed OPC’s flexural strength (3.7 MPa), therefore
giving competition for commercial building materials. The mechanical strength characteris-
tics of the LOSx@T and previously reported lignin-containing HSMs are summarized in
Table 3 and compared graphically in Figure 12.

3. Materials and Methods
3.1. Materials

Sulfur powder (99.5%) was bought from Alfa Aesar (Haverhill, MA, USA). The chemi-
cals employed did not undergo any further purification. The lignin oil used herein was
produced via a reported method implementing the thermal solvolysis of kraft lignin (Sigma
Aldrich, St. Louis, MO, USA) in the solvent ethanol following the reported procedure [40].
A detailed description of the preparation and characterization of lignin oil was previously
reported for the synthesis and analysis of LOSgy@230 [108]. The same lignin oil was used
to prepare the remaining LOS,@T composites reported herein.

3.2. General Considerations and Instrumentation

Fourier transform infrared spectra were acquired using an IR instrument (Shimadzu
IRAffinity-1S, Shimadzu Corporation, Columbia, MD, USA) equipped with an ATR attach-
ment. Scans were collected over the range of 400-4000 cm ! at ambient temperature with a
resolution of 8 cm 1.

SEM was attained using a Schottky Field Emission Scanning Electron Microscope
SUS5000 (Hitachi High-Tech, Tokyo, Japan) operating in variable pressure mode while using
an accelerating voltage of 15 kV.

Compressional strength measurements were commenced with cylinders by means of
a Mark-10 ES30 (Mark-10 Corporation, Copiague, NY, USA) Manual Test Stand equipped
with a Mark 10 M3-200 Force Gauge (USA). The composites studied herein were melted and
formed in molds (Smooth-On Oomoo® 25 tin-cure, Oomoo Corp., Richmond, BC, Canada)
and then allowed to cool to room temperature. The cylinders stood at room temperature
for 4 d before compressive strength was tested. Tests for each composite were performed
in triplicates, and the strength reported is the average of the three runs. The long-term
stability of the reported materials is unknown.

Flexural strength analyses were performed using a Mettler Toledo DMA 1 STARe
System (Mettler Toledo, Columbus, OH, USA) in single-cantilever mode. The samples were
formed in silicon resin molds (Smooth-On Oomoo® 25 tin-cure). The sample dimensions
were 1.5 X 10.7 x 5.0 mm. The temperature was 25 °C with a clamping force of 1 cN m.
Samples were assessed in triplicates, and the observed flexural strengths /moduli are an
average of the three trials.
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TGA data were recorded (Mettler Toledo TGA 2 STARe System, TA Instruments, New
Castle, DE, USA) across the temperature range of 20-800 °C at a heating rate of 10 °C-min~!
under a flow of N (100 mL-min~1).

DSC data were obtained by means of a Mettler Toledo DSC 3 STARe System (Mettler
Toledo, Columbus, OH, USA) across a temperature range of —60 °C to 140 °C while
implementing a heating rate of 10 °C-min~! under a flow of N, (200 mL-min~1). DSC
measurements were conducted over three cooling and heating cycles. Data from the third
heating cycle are reported herein, with the first cycle removing solvent impurities. During
the third cycle, the glass-transition temperature was observed. DSC data were utilized to
calculate the percentage crystallinity using Equation (1).

UV-vis data were collected on Agilent Technologies Cary 60 UV-vis (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA) using Simple Reads software (Cary WinUV Scan
Application Version 5.1.0.1016) over the range of 400-600 nm. Dark sulfur was quantified
by using the extinction coefficient of sulfur at 275 nm along with the absorbance of ethyl
acetate soluble fraction of each composite.

3.3. Synthesis of LOS,@T Composites

LOSgy@230 and LOSgs@230 were prepared by adding elemental sulfur (8.005 g, 8.500 g)
and lignin oil (2.001 g, 1.503 g) to a heavy-walled pressure flask sealed by a Viton O-ring
and a PTFE stopper along with a PTFE stir bar and then placed in an oil bath at 180 °C
under continuous magnetic stirring. Next, the temperature was increased to 230 °C. The
mixture was heated under rapid continuous stirring for a duration of 2 h. During the
reaction time, the reaction mixture appeared homogeneous and turned dark brown in color.
Stirring was stopped, and the reaction was removed from the heat. The material was cooled
to room temperature, forming a solid dark brown substance. Forming the compressive
strength cylinders (Figure 2) and flexural strength rectangular prisms (Figure 3) required
remelting the product at 180 °C and then pouring the product into molds, followed by
cooling to room temperature. This method resulted in a 99.7% yield for LOSgy@230 and
a 99.8% yield for LOSg5@230. For LOSgy@230 elemental analysis, the theoretical values
were C 12.86, H 1.22, and S 80; the actual values found were C 10.94, H 0.46, and S 84.85.
For LOSg5@230 elemental analysis, the theoretical were C 9.64, H 0.91, and S 85; the actual
values found were C 3.76, H 0.05, and S 94.49. LOSg,@230 was prepared as previously
reported [108].

LOS90@250 and LOS90@300 were prepared by adding elemental sulfur (13.500 g,
13.505 g) and lignin oil (1.501 g, 1.500 g) to a stainless steel autoclave reactor and heated
to 250 °C under rapid mechanical stirring. After 2 h, the heat and stirring was stopped,
and the autoclave vessel cooled to room temperature. After cooling, the homogeneous,
dark brown solid was removed from the reaction vessel. Forming the compressive strength
cylinders (Figure 2) required remelting the product at 180 °C and then pouring the product
into molds, followed by cooling to room temperature. For LOSgy@250 elemental analysis,
the theoretical values were C 6.43, H 0.61, and S 90; the actual values found were C 7.33, H
0.14, and S 91.24. For LOSgy@300 elemental analysis, the theoretical values were C 6.43, H
0.61, and S 90; the actual values found were C 5.43, H 0.05, and S 93.06.

3.4. General Method for Dark Sulfur Quantification

The method used herein to determine the quantity of dark sulfur is based on a method
previously reported by Hasell’s group [109,110]. This method uses absorbance to quan-
tify dark sulfur in HSMs. A small fraction of the composite (6-7 mg) was weighed to
+/—0.0001 g precision using a microbalance and placed in a 250 mL volumetric flask with
ethyl acetate and stirred for 30 min. This duration of agitation was chosen due to the solu-
bility of elemental sulfur. Ethyl acetate has a lower solubility for sulfur and not oligomeric
fractions; therefore, it will extracts dark sulfur within the composite [110]. The solution
was then measured using a Carry-UV. A scan was taken over the range of 400-600 nm, and
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the absorbance at 275 nm was used in the calibration curve that was used to determine
the concentration.

3.5. General Method for Ethyl Acetate Extractions for Dark Sulfur Quantification

A small amount of each composite (~50 mg) was placed in a vial along with 10 mL
of ethyl acetate. This was then stirred for a duration of 1 h at room temperature. After
stirring was finished, the vial was left standing still to allow the material to settle, and the
ethyl acetate was then pipetted into a different vial. The ethyl acetate was then allowed to
evaporate, with the soluble portion remaining in the vial.

4. Conclusions

Herein, we have demonstrated that lignin oil containing a mixture of oligomers can
readily react with sulfur diradicals at varying amounts (80-90 wt. % S) and relatively low
temperatures (230-300 °C). The resulting material formed durable, remeltable composites
exhibiting compressive strengths (22.1-35.9 MPa) and flexural strengths (5.7-6.5 MPa)
exceeding that of OPC (17 MPa). Increasing the amount of organic material did not result in
a drastic change in properties; however, it was shown that increasing the reaction tempera-
ture improved the mechanical strength of the composites and decreased the crystallinity,
resulting in a less brittle substance. These results show the great potential lignin oil has in
the efforts to valorize the abundant yet underutilized lignin biomass.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules29174209/s1. Figure S1. Powder XRD trace of LOSgy@230
(top) compared to that of alpha sulfur (bottom); Figure S2. Powder XRD trace of LOSg; @230 (top)
compared to that of alpha sulfur (bottom); Figure S3. Powder XRD trace of LOSgy@230 (top) com-
pared to that of alpha sulfur (bottom); Figure S4. Powder XRD trace of LOSgy@250 (top) compared
to that of alpha sulfur (bottom); Figure S5. Powder XRD trace of LOSgy@300 (top) compared to
that of alpha sulfur (bottom); Figure S6. Portion of the FT-IR spectrum of LOSgy@230 (grey trace),
LOSg5@230 (orange trace), LOSqy@230 (blue trace), LOSgy@250 (yellow trace), and LOSgy@300 (green
trace); Figure S7. Portion of the FT-IR spectrum of LOSgy@230 (grey trace), LOSgs@230 (orange
trace), LOSgy@230 (blue trace), LOSqy@250 (yellow trace), and LOSgy@300 (green trace); Figure S8.
Scanning electron microscopy (SEM) image of LOSgy@230; Figure S9. Scanning electron microscopy
(SEM) image of LOS85@230; Figure S10. Scanning electron microscopy (SEM) image of LOS90@230;
Figure S11. Scanning electron microscopy (SEM) image of LOS90@250; Figure S12. Scanning elec-
tron microscopy (SEM) image of LOS90@300; Figure S13. Differential scanning calorimetry (DSC)
traces (endothermic down) of the first heating (blue line) and first cooling (orange line) cycle for
LOS80@230; Figure S14. Differential scanning calorimetry (DSC) traces (endothermic down) of
the second heating (blue line) and second cooling (orange line) cycle for LOS80@230; Figure S15.
Differential Scanning calorimetry (DSC) traces (endothermic down) of the third heating (blue line)
and third cooling (orange line) cycle for LOS80@230; Figure S16. Differential scanning calorimetry
(DSC) traces (endothermic down) of the first heating (blue line) and first cooling (orange line) cycle
for LOS85@230; Figure S17. Differential scanning calorimetry (DSC) traces (endothermic down) of
the second heating (blue line) and second cooling (orange line) cycle for LOS85@230; Figure S18.
Differential scanning calorimetry (DSC) traces (endothermic down) of the third heating (blue line)
and third cooling (orange line) cycle for LOS85@230; Figure S19. Differential scanning calorimetry
(DSC) traces (endothermic down) of the first heating (blue line) and first cooling (orange line) cycle
for LOS90@230; Figure S20. Differential scanning calorimetry (DSC) traces (endothermic down) of
the second heating (blue line) and second cooling (orange line) cycle for LOS90@230; Figure S21.
Differential scanning calorimetry (DSC) traces (endothermic down) of the third heating (blue line)
and third cooling (orange line) cycle for LOS90@230; Figure S22. Differential scanning calorimetry
(DSC) traces (endothermic down) of the first heating (blue line) and first cooling (orange line) cycle
for LOS90@250; Figure S23. Differential scanning calorimetry (DSC) traces (endothermic down) of
the second heating (blue line) and second cooling (orange line) cycle for LOS90@250; Figure 524.
Differential scanning calorimetry (DSC) traces (endothermic down) of the third heating (blue line)
and third cooling (orange line) cycle for LOS90@250; Figure S25. Differential scanning calorimetry
(DSC) traces (endothermic down) of the first heating (blue line) and first cooling (orange line) cycle
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for LOS90@300; Figure S26. Differential scanning calorimetry (DSC) traces (endothermic down) of
the second heating (blue line) and second cooling (orange line) cycle for LOSgy@300; Figure S27.
Differential scanning calorimetry (DSC) traces (endothermic down) of the third heating (blue line)
and third cooling (orange line) cycle for LOSgy@300; Figure S28. Representative stress—strain plot for
the compressive-strength measurements of LOSgy@230; Figure S29. Representative stress—strain plot
for the compressive-strength measurements of LOSg5@230; Figure S30. Representative stress—strain
plot for the compressive-strength measurements of LOSgq@230; Figure S31. Representative stress—
strain plot for the compressive-strength measurements of LOSqy@250; Figure S32. Representative
stress—strain plot for the compressive-strength measurements of LOSgq@300; Figure S33. Stress-strain
curves of LOSg5@230 determined during flexural strength testing. The orange line represents the
propagations of the linear region of the stress—strain curve; Figure S34. P Stress—strain curves of
LOSgy@230 determined during flexural strength testing. The orange line represents the propagations
of the linear region of the stress—strain curve.
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Abstract: Tetrahydro-4H-thiopyran-4-one 1-oxide 1 and sulfinyl-di-tert-butylpropionate 2 were re-
ported as sources of bis-sulfenate anion and applied in a double pallado-catalyzed cross-coupling
reaction for the synthesis of symmetrical biarylsulfoxides, tolerating a large array of electronic
properties and bulkiness. The photophysical properties of a biarylsulfoxide have been explored,
demonstrating an unreported TADF phenomenon on sulfoxide-containing scaffolds.

Keywords: sulfoxides; sulfenate; palladium; TADF

1. Introduction

Sulfoxides are ubiquitous scaffolds in organic chemistry. The simplest of the sulfoxides,
dimethyl sulfoxide (DMSO) is a solvent of choice for synthetic chemists and biochemists
because of its physicochemical properties and biocompatibility [1-4]. Natural sulfoxides
or precursors of sulfoxides are involved in various biological processes [5,6] such as alliin
bio-transformed into allicin, an antifungal agent, Sparsomycin with antibiotic activities
or Oxisuran with immunosuppressive properties. Aromatic sulfoxides are often used
in synthetic therapeutic chemistry, with, for example, Sulindac with anti-inflammatory
activity, Sulmazole in the treatment of cardiovascular anomalies or Esomeprazole involved
in proton pump inhibition (Figure 1). Aromatic sulfoxides are also important in coordina-
tion chemistry for the stabilization of organometallic complexes and their applications in
catalysis [7-10], for the stabilization of low-valent species of main group elements [11-15],
and in materials science [16,17]. Aromatic sulfoxides are mainly prepared by oxidation of
the corresponding thioethers, or by nucleophilic substitution reaction of sulfinate amides
or esters [18]. Each of these two methods suffers from limitations such as the formation
of over-oxidation products, or the incompatibility of nucleophilic reagents with different
functional groups.

Recently, a new synthetic strategy involving a pallado-catalyzed cross coupling with
sulfenate anions was developed [19-23]. This approach allows perfect control of the
oxidation state of the sulfoxide synthesized, as well as good compatibility with a wide
range of functional groups (Scheme 1).
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Scheme 1. Palladium-catalyzed arylation of sulfenate anions.
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Figure 1. Examples of bioactive sulfoxides or precursors of sulfoxides.
This pallado-catalyzed coupling reaction allows the synthesis of various unsymmetri-

cal aromatic sulfoxides from different sulfenate anion precursors (Figure 2) [24-34], and
enantioselective versions were also developed [25,34-36].
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(Poli/Madec, 2007) (Poli/Madec, 2010) (Nolan, 2013)
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(Walsh, 2014) (Walsh, Perrio, 2015) (Walsh, 2015)

Figure 2. Sources of sulfenate anions in palladium-catalyzed arylation [19,24-34].

In contrast, the use of sulfenate ions for the synthesis of symmetrical sulfoxides by
palladium-catalyzed cross-coupling reaction remains sporadic [28,29,32]. Interested in the
preparation of various symmetrical sulfoxides, in particular with highly hindered groups,
we decided to explore alternative sources of bis-sulfenate synthon [37].

2. Results and Discussion

Thanks to our team experience with the 3-H elimination systems for generation of
sulfenate anions, we have rapidly identified two candidates as new sources of bis-sulfenate
synthon: the commercially available tetrahydro-4H-thiopyran-4-one 1-oxide 1 as a cyclic
precursor and sulfinyl-di-terf-butylpropionate 2 as a linear precursor (Figure 3).

o 9

; L
Q‘J tBquC COztBU

0

1 2

Figure 3. New sources of bis-sulfenate synthons.
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Tetrahydro-4H-thiopyran-4-one 1-oxide 1 and sulfinyl-di-tert-butylpropionate 2 ap-
pear as white crystalline solids that are stable for months when kept in dry conditions
(Figure 4). Chemical 2 was synthesized by esterification reaction of inexpensive thiodipro-
pionic acid with tert-butyl alcohol in acidic conditions, then oxidation. This two-step
procedure is efficient and can be performed on a multigram scale (14.5 g). However, when
exposed to moisture, tetrahydro-4H-thiopyran-4-one 1-oxide 1 degrades into the corre-
sponding gem diol in the solid state and in solution. Importantly, the latter is unreactive in
the catalytic system described herein.

Figure 4. ORTEP view of X-ray structure of 1 and 2 at 50% probability; hydrogen atoms and solvent
molecule have been omitted for clarity.

We began our catalytic studies with 1 using 4-iodotoluene 3a as the model substrate
(Table 1). Pleasingly, upon using classic sulfenate cross-coupling conditions, bis(dibenzylidenea
cetone)palladium(0) as the palladium source, Xantphos as ligand and cesium carbonate as the
base in toluene at 110 °C, we obtained the desired product 4a with 48% yield (entry 1). Note-
worthy, 10% of scrambling product (4-tolylsulfinyl-benzene) was obtained as well. This side
product, arising from the aryl exchange on Xantphos palladium oxidative addition complexes,
is well known and typically observed in sulfenate cross coupling [24]. Surprisingly, Pd,(dba)s,
often used as a palladium(0) source in sulfenate cross-couplings, led to no conversion (entry
2). Different ligands such as SPhos, XPhos or DPEPhos (entries 3-5) or palladium catalysts
such as CX21 [Allylchloro[1,3-bis(2,6-diisopropylphenyl)-imidazol-2-ylidene] palladium(II)]
(entry 6) were thus investigated, not providing any product and evidencing that Xantphos
is the ligand of choice for this cross-coupling reaction. Upon lowering the catalytic charge
to 2 mol%, the reaction became sluggish (entries 7-8), convincing us to further optimize the
reaction conditions with 5 mol%. The optimization of the base then proved critical in this
reaction (entries 9-12). Indeed, when DBU was used, a drastic improvement of the yield to
61% was obtained along with only a very small amount of scrambling product (entry 11).
Remarkably, lowering the temperature to 30 °C did not affect the reaction yield, providing the
product with 62% yield (entry 12). Noteworthy, to the best of our knowledge, those reaction
conditions are the smoothest and most selective scrambling-wise reported to date.

Nonetheless, despite allowing the cross-coupling in smooth conditions along with
small amounts of scrambling product, the isolated yield remains quite low using 1 as a
bis-sulfenate source, presumably because of its degradation in basic media happening too
quickly for the catalytic system. We then naturally turned to the use of sulfinyl-di-tert-
butylpropionate 2 as a more robust reactant under the reaction conditions.

We first used the reaction conditions previously developed for 1 using 4-iodotoluene
3a [Pd(dba), /Xantphos, DBU as base at 30 °C], which provided the desired biarylsulfoxide
4a with 71% yield. However, the reaction needed 72 h for completion at this temperature.
We then carried out the reaction at 80 °C and obtained the product 4a with 83% yield in
24 h. Encouraged by these results, we decided to continue the optimization of the reaction
conditions on the more challenging sterically hindered 1-iodonaphatalene 3t (Table 2).
Indeed, the desired product was not observed within the previously developed conditions,
even upon increasing the reaction temperature to 80 °C (entry 1). We thus reasoned that the
sulfinyl-di-fert-butylpropionate 2 was being degraded too quickly in the presence of DBU.
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Gratifyingly, changing the base to Cs,CO3 furnished the desired 1,1’-sulfinyldinaphthalene
4t in 80% of isolated yield (entry 2). Finally, using the Buchwald precatalyst XantPhosPdG3,
which is easy to handle and known to furnish highly active catalytic Pd(0) species under
basic conditions, provided a major improvement of the reaction both in catalytic charge
(2 mol%) and isolated yield (95%) (entry 3).

Table 1. Optimization of the reaction conditions 2.

.0 Pd(dba), (IS)I
/©/ /l/i) _Ligand, Base Base /@/ \©\
PhMe, T °C Me Me
4a
Entry Ligand Base Yield (%) ?

1 Xantphos (12%) Cs,CO3 48 (10) €
2 Xantphos (12%) Csp,COg3 nr 9
3 SPhos (10%) Cs,CO;3 nr. ©
4 XPhos (10%) Cs,COg3 nr. ©
5 DPEPhos (5%) Cs,CO3 nr. ¢
6 CX21 (10%) € CspCOs3 n.r.
7 Xantphos (5%) Cs,COg3 33 (7)
8 Xantphos (2%) f Cs,CO; 16 (3)
9 Xantphos (5%) K3POy 12 (4)
10 Xantphos (5%) DIPEA nr.
11 Xantphos (5%) DBU 61 (2)
12 Xantphos (5%) DBU 62(1)8

4 3a (0.3 mmol, 3.0 equiv.), 1 (0.1 mmol, 1.0 equiv.), Pd(dba), (5 mol%), base (0.4 mmol, 4 equiv.), PhMe (1 mL),
6h, 110 °C. b isolated yield, yield of scrambling product within brackets, n.r. stands for no reaction. ¢ 10 mol% of
Pd(dba), used. 4 Pdy(dba); (5 mol%) used. ¢ CX21 stands for Allylchloro[1,3-bis(2,6-diisopropylphenyl)-imidazol-
2-ylidene]palladium(II). f Pd(dba); (2 mol%). 8 Temperature = 30 °C.

Table 2. Optimization of the reaction conditions .

[o]
“ Condmons

Ol :
O J/ I PhMe, T °C O O
tBUO,C CO,tBu
3t 4t
Entry Conditions Yield (%) P
1 Pd(dba), (5%), Xantphos (5%), o
DBU, 80 °C o
Pd(dba);, (5%), Xantphos (5%),
2 Cs,CO3, 80 °C 80(6)
3 XantphosPd§(§)3o((2: %), Cs,CO3, 95 (3)

2 3t (0.3 mmol, 3.0 equiv.), 2 (0.1 mmol, 1.0 equiv.), base (0.4 mmol, 4 equiv.), PhMe (1 mL), 18 h. b jsolated yield,
yield of scrambling product within brackets, n.r. stands for no reaction.

After optimizing the reaction conditions with both reactants 1 and 2, we turned our
attention towards exploring their reaction scope and limitations. A large span of electronic
effects was thus explored (Scheme 2). Electron-rich substrates are well tolerated using both
catalytic systems, with method B using the reactant 2 generally providing the biarylsulfox-
ides 4 with higher yields. Noteworthy, obtaining 4h in 70% yield in one step is a striking
example of the advantage of the present methodology, the synthesis of this compound by
an oxidation approach being really complicated. The reaction method A using 1 showed
a drastic loss of activity upon investigating electron-poor iodoarenes with no conversion
observed for groups more electron-withdrawing than halogens. Method B, though, al-
lowed the cross-coupling reaction furnishing the highly electron-poor products such as
pentafluorosulfanyl 40 or nitro 4p derivatives in 89% and 82% yield, respectively. Finally,
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we turned our attention to the study of steric effects. Although method A proved com-
pletely inefficient in the case of ortho-substituted substrates, method B showed robustness
providing the desired products in good to excellent yields. Moreover, the cross-coupling
could be adapted to accommodate aryl bromides. For example, the sterically demanding
9-bromoanthracene could be engaged in the reaction, increasing both the temperature to
110 °C and the catalyst loading to 5 mol%, furnishing the corresponding biarylsulfoxide 4u
in 49% yield.

{o]

0
|

@ J/:\) J/ \L _Method AorB? _@r
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T CO,fBu

0=

\(}R

9 8 g 2
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" n
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Scheme 2. Reaction scope of the pallado-catalyzed cross coupling of sulfenates with aryl iodides. ?
Reaction method A: iodoarene (0.9 mmol, 3.0 equiv.), 1 (0.3 mmol, 1.0 equiv.), Pd(dba), (5 mol%),
Xantphos (5 mol%), DBU (1.2 mmol, 4 equiv.), PhMe (3 mL), 30 °C, 6 h. Reaction method B: iodoarene
(0.9 mmol, 3.0 equiv.), 2 (0.3 mmol, 1.0 equiv.), XantphosPdG3 (2 mol%), Cs,CO;3 (1.2 mmol, 4 equiv.),
PhMe (3 mL), 80 °C, 18 h. ® THF was used instead of PhMe. ¢ Reaction was carried out at 110 °C
using 5 mol% of XantphosPdG3.

Noteworthy, the only known synthesis of this compound required two steps and
furnished the product with 21% overall yield [38]. In addition, this product 4u is particularly
interesting for the study of SO extrusion under irradiation [38,39]. Finally, 3-iodothiophene
was engaged in the reaction conditions, once again highlighting the superiority of method
B over A, providing the desired sulfoxide at 85% and 5% yield, respectively. Interestingly,
the compound 4w, synthesized in method B, was obtained as a 90/10 mixture with 4w’,
thereby confirming the anticipated stepwise cross-coupling mechanism (Scheme 3).

The results presented herein clearly show the superiority of method B using the
reactant 2 over method A. The difference in reactivity presumably arises on one hand from
the degradation rate of the bis-sulfenate in their respective reaction conditions. On the
other hand, the temperature may have an impact on the cross-coupling kinetics itself. The
best conditions thus lay in the best balance between the generation rate of the sulfenate
and its consumption in the catalytic cross-coupling reaction.
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Scheme 3. Proposed reaction mechanism for the double pallado-catalyzed cross-coupling of aryl

iodides with the sulfenate anion.

Intrigued by the strong fluorescence observed upon handling 4b, we decided to study
its photophysical studies (Figure 5). Noteworthy, its parent sulfone 5 and some closely re-
lated derivatives have received much attention in the last decade because of their thermally
activated delayed fluorescence (TADF), which makes them promising in a number of appli-
cations such as OLEDs [40—42]. In a toluene solution, 4b presents a maximum of absorption
at 333 nm and an emission band at 391 nm, while 5's maximum of absorption is at 352 nm
and emits at 401 nm (Figure 5). Additionally, for both compounds, a strong solvatochromic
fluorescence is observed, ranging from 372 nm to 461 nm in cyclohexane and methanol
respectively for 4b, and 383 nm to 462 nm for 5 (see Supplementary Materials). The wider
range of 4b’s solvatochromic emission (89 nm) compared to 5 (79 nm) probably arises from
the higher polarizability of the sulfoxide moiety. Finally, we turned our attention towards
the lifetime of the excited states (Table 3). We first focused on reproducing the studies on 5
and obtained comparable results with the literature, showing first a fast fluorescence decay
component with a lifetime on 2.43 ns followed by a second, slower decay with a 111 ps
lifetime, characteristic of the TADF phenomenon. Pleasingly, in a similar fashion, 4b shown
two fluorescence decay components with 0.93 ns and 94 ps of lifetime, thus showing that
4b possess comparable TADF properties with its parent sulfone 5. Finally, the luminescence
quantum yields were measured, 5 displaying a high 69.1% whereas 4b furnished a lower
yield of 25.7%.

(b)

Absorbance (a.u.)
PL intensity (a.u.)

T
400 600
Wavelentgh (nm)

Figure 5. (a) Molecular structures of 4b and 5 and ORTEP view of X-ray structure of 4b at 50%
probability. (b) Normalized emission and absorption spectra of 4b and 5 in toluene at 298 K. black
line: absorbance, red line: pl intensity.
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Table 3. Photophysical properties for compounds 4b and 5 in toluene at 298 K.

Compounds Amax (nm) D (%) T (ns/us)
4b 391 25.7 0.93/94
5 401 69.1 2.43/111

3. Materials and Methods
3.1. Reagents and Solvents

Unless otherwise noted, reagents were purchased from commercial suppliers and
used directly without further purification. Unless indicated, technical grade solvents were
purchased from commercial suppliers and used without further purification. Toluene was
dried by passing over two columns of activated alumina, kept over activated 4A molecular
sieves, and degassed by thorough argon sparging. All water was deionized before use.
Unless stated, all reactions were carried out in conventional glassware. ‘"Room temperature’
varied between 18 °C and 25 °C.

3.2. Analysis and Characterization

Analytical Thin Layer Chromatography (TLC) was performed on Merck aluminum-
backed silica gel 60 F254 plates (Darmstadt, Germany). Developed TLC plates were
visualized by ultraviolet (UV) irradiation (254 nm) or by staining with a solution of potas-
sium permanganate. Column chromatography was carried using Merk silica gel 60 A,
220-440 mesh. Fourier Transform Infrared Spectrometry (FTIR) was carried out using a
Thermo Nicolet 6700 (Waltham, MA, USA) using an Attenuated Total Reflection (ATR)
attachment and peaks are reported in terms of frequency of absorption (cm~!). High Reso-
lution Mass Spectrometry (HRMS) data were acquired using a GCT Premier CAB109 TOF
mass spectrometer (Milford, MA, USA) equipped with DCI-CHy ionization. HRMS data
were quoted to four decimal places (0.1 mDa). All NMR spectra were recorded on either a
Bruker AV 300 or Bruker AV 500 (Billerica, MA, USA) and were internally referenced to
residual solvent signals (residual CHCl; was referenced at 6 7.26 and CDClj3 at 6 77.16 for
1H and 13C NMR, respectively, while residual CHDCl, is referenced at 6 5.32 and CD,Cl,
at 8 53.84 for 'H and '3C NMR, respectively). All NMR chemical shifts (5) were reported in
parts per million (ppm) and coupling constants (]) are given in hertz (Hz). The 'H NMR
spectra are reported as follows: & (multiplicity, coupling constant J, number of protons),
“app” stands for apparent.

The solution samples (0.1 mM) for the luminescence studies were prepared in an
argon-filled glove-box using dry and degassed toluene. UV-VIS absorption spectra of the
compounds in toluene were measured on an Agilent Cary 60 UV-Vis spectrophotometer
in the range of 280-600 nm. The photoluminescence spectra were recorded on an Agilent
Cary Eclipse spectrofluorometer (Santa Clara, CA, USA). The absolute PL quantum yield
(PLQY) was obtained by using Quantaurus-QY Plus (HAMAMATSU, Shizuoka, Japan).
The phosphorescence decay characteristics of the solution samples was recorded using a
Horiba Fluorolog 3-2iHR 320 spectrofluorometer (Kyoto, Japan), equipped with a UV xenon
flash lamp (FL-1035, 0.05-25 Hz flash rate, 3 ps pulse at FWHM). Excitation wavelengths
were selected thanks to the double-monochromator of the spectrophotometer. The fast
decay components were recorded in TCSPC mode thanks to a Horiba NanoLED module
(Kyoto, Japan), piloting a pulsed diode NanoLED (371 nm). TADF measurements were
recorded and analyzed using FluorEssence V3.8 from Horiba. Lifetime measurements were
recorded with Data Station 2.7.0.4 and analyzed with DAS-6 6.8.0.10, from Horiba.

Single-crystal X-ray data were collected at low temperature (193(2)K) on a Bruker
APEXII Quazar diffractometer (Billerica, MA, USA) equipped with a 30 W air-cooled mi-
crofocus source (1) or on a Bruker D8 VENTURE diffractometer equipped with a PHOTON
IIT detector (2, 4b and 4s), using MoK« radiation (A = 0.71037 A). The structures were
solved by intrinsic phasing method [43] and refined by full-matrix least- squares method
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on F2 [44]. All non-H atoms were refined with anisotropic displacement parameters and all
the hydrogen atoms were refined isotropically at calculated positions using a riding model.

3.3. Synthesis of the Sulfenate Sources
Tetrahydro-4H-thiopyran-4-one 1-oxide 1:

.0
'S
O

Prepared following a reported procedure [45]. Oxone® (15.35 g, 50 mmol, 1 equiv.) was
added to a stirred suspension of wet alumina (50 g, prepared from 50 g of neutral alumina
mixed with 10 mL of water) in DCM (500 mL). Tetrahydro-4H-thiopyran-4-one (5.8 g,
50 mmol, 1 equiv.) was added in one portion, and the reaction mixture was stirred for
24 h at room temperature. The reaction mixture was filtered over a sintered funnel, rinsing
with DCM (2x100 mL), before evaporating the solvent under reduced pressure. The
crude mixture was then purified over silica gel chromatography (gradient from 30 to 100%
EtOAc:Pentane) yielding the desired crystalline product (2.00 g, 15.2 mmol, 30%).

'H NMR (CDCl3, 300 MHz) &3 3.47-3.23 (m, 4H), 2.98-2.78 (m, 2H), 2.61-2.48 (m, 2H).
13C{H} NMR (CDCl3, 75 MHz) 5c 204.9, 47.5, 32.4.

Data are in agreement with the literature [46].

Di(tert-butyl)-3,3'-thiodipropionate:

S
BuO,C~ """ C0,Bu

Prepared following a reported procedure [47]. Conc. H;SO4 (11 mL, 200 mmol, 2 equiv.)
was added over a vigorously stirred suspension of anhydrous MgSOy (96.2 g, 800 mmol,
8 eq.) in 500 mL of dichloromethane in a 1 L flask. After 15 min of stirring, thiodipropionic
acid (17.8 g, 100 mmol, 1 equiv.) and tert-butanol (94 mL, 1.0 mol, 10 equiv.) were added
before quickly sealing the flask with a new rubber septum and the reaction mixture was
stirred for 65 h at room temperature. A volume of 300 mL of saturated aq. NaHCO3 was
carefully added in portions before transferring the reaction mixture in a separatory funnel.
The organic phase was separated and treated once with brine, then dried over NaySOy.
The volatiles were then removed in a rotavapor to obtain an oily residue and purified over
silica gel column chromatography (gradient from 0 to 3% EtOAc:Pentane), yielding the
desired product as a colorless oil (17.2 g, 59 mmol, 59% yield)

'H NMR (CDCl;, 300 MHz) 8y 2.75 (t, ] = 7.5 Hz, 4H), 2.51 (t, ] = 7.4 Hz, 4H), 1.45
(s, 18H). 13C{'H} NMR (75 MHz, CDCl3) 5. 171.3, 81.0, 36.2, 28.2, 27.3. HRMS (DCI-CHy)
Calc’d for C14Ha04S [M]* 290.1552, found 290.1561. FTIR (neat) Vmax/cm ! 2978, 1724,
1366, 1245, 1139, 1046, 844, 755.

Di(tert-butyl)-3,3'-thiodipropionate S-oxide 2:

0
I
S
BuO,C~ """ C0o,1Bu

Prepared following a reported procedure [45]. Di(tert-butyl)-3,3'-thiodipropionate
(17.2 g, 59 mmol, 1 equiv.) was added to a vigorously stirred suspension of wet alu-
mina (60 g, prepared from 50 g of neutral alumina mixed with 10 mL of water) and Oxone®
(18.1 g, 59 mmol, 1 equiv.) in 300 mL of CH,Cl,. The mixture was left stirring for 18 h and
filtrated over a sintered funnel. The solids were washed with EtOAc and the filtrate was
evaporated under reduced pressure. The crude mixture was then purified over silica gel
chromatography (gradient from 0 to 60% EtOAc;Pentane) yielding a pure colorless product,
crystallizing upon standing (14.6 g, 47.6 mmol, 81%).
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'H NMR (CDCl3, 300 MHz) 8y 2.97 (ddd, ] = 12.9, 8.2, 7.4 Hz, 2H), 2.83 (app dt,
J =12.9, 6.6 Hz, 2H), 2.73-2.66 (m, 4H), 1.41 (s, 18H). 3C{'H} NMR (75 MHz, CDCl3) §¢
170.4, 81.7, 47.4,28.2,28.1. HRMS (DCI-CH,) Calc’d for C14Hp6Os5S [M]* 306.1501, found
315.1509. FTIR (neat) vmax/cm ™1 2980, 2932, 1702, 1364, 1226, 1154, 1032, 950, 844, 754.

3.4. General Procedures for the Pallado-Catalyzed Cross Coupling Reactions

Method A:

Dry and degassed toluene (3 mL) was added to a Schlenk tube containing Pd(dba);
(8.6 mg, 0.015 mmol, 5 mol%) and Xantphos (8.7 mg, 0.015 mmol, 5 mol%) under inert
atmosphere. The solution was stirred for 2 min, then degassed DBU (180 puL, 1.2 mmol,
4 equiv.) was added, inducing a color change of the solution from dark red to clear orange-
yellow. A second Schlenk tube containing tetrahydro-4H-thiopyran-4-one 1-oxide (39.6 mg,
0.3 mmol, 1 equiv.) and solid aryl iodide (0.9 mmol, 3 equiv.) was evacuated and back-filled
with argon three times. Liquid aryl iodides (0.9 mmol, 3 equiv.) were added subsequently
to evacuation and back-filling. The palladium solution was then cannulated in the second
Schlenk tube, and the resulting reaction mixture was stirred at 30 °C for 6 h. Then, the
solution was evaporated to dryness and purified over silica gel column chromatography.

Method B:

Sulfinyl-di-tert-butylpropionate (91.9 mg, 0.3 mmol, 1 equiv.), Xantphos-Phos-Pd-G3
(5.7 mg, 0.006 mmol, 2 mol%), aryl iodide (0.9 mmol, 3 equiv.) and Cs,CO3 (391 mg,
1.2 mmol, 4 equiv.) were weighted in a Schlenk tube. The Schlenk tube was capped with a
rubber septum before being evacuated and backfilled with argon three times. A volume
of 3 mL of dry and degassed toluene was added and the reaction mixture was heated at
80 °C for 16 h. A volume of 20 mL of distilled water and 20 mL of dichloromethane were
added, and the organic phase separated; the aqueous phase was subsequently extracted
with dichloromethane twice. The combined organic phases were dried over NaySOy4 before
removing the volatiles using a rotavapor. The crude product was then purified over silica
gel column chromatography.

3.5. Biarylsulfoxide Characterization
4,4'-sulfinylbis(N,N-diphenylaniline) 4b:

oL
Ph,N NPh,

Synthesized according to the general procedure using 4-iodo-N,N-diphenylaniline
(334 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to
25% EtOAc:Pentane) afforded the title compound as a white foam (Method A: 102.8 mg,
0.19 mmol, 64%: Method B: 127.3 mg, 0.24 mmol, 79%).

'H NMR (CDCl3, 300 MHz) 5y 7.44 (d, ] = 8.8 Hz, 4H), 7.29 (dd, ] = 8.5, 6.8 Hz, 8H),
7.15-7.08 (m, 12H), 7.06 (d, ] = 8.9 Hz, 4H). 13C{!H} NMR (CDCl3, 75 MHz) 5¢ 150.6, 146.9,
136.8,129.7,126.7, 125.7, 124.4, 121.7. HRMS (DCI-CHy,) Calc’d for C3sH9N,OS [M + H]*
537.2001, found 537.2009. FTIR (neat) vmax/cm ! 3057, 2923, 1580, 1486, 1315, 1272, 1090,
1045, 754, 696.

5,5'-sulfinylbis(1,2,3-trimethoxybenzene) 4c:

MeO S OMe

MeO OMe
OMe OMe
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Synthesized according to the general procedure using 5-iodo-1,2,3-trimethoxybenzene
(265 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to 80%
EtOAc:Pentane) afforded the title compound as a pale yellow amorphous solid (Method B:
96.2 mg, 0.252 mmol, 84%).

'H NMR (CDCl3, 300 MHz) &y 6.87 (s, 4H), 3.88 (s, 12H), 3.86 (s, 6H). 1>*C{'H} NMR
(CDCl3, 75 MHz) 6¢ 154.1, 140.4, 140.2, 101.9, 61.1, 56.6. HRMS (DCI-CH,) Calc’d for
C1sH307S [M + HJ* 383.1165 found 383.1161. FTIR (neat) vmax/cm ! 3084, 3053, 2939,
1590, 1496, 1462, 1409, 1307, 1235, 1127, 1102, 1059, 1004.

4,4'-sulfinylbis(methoxybenzene) 4d:

O

oL
MeO OMe

Synthesized according to the general procedure using 4-iodo-anisole (211 mg, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 25% EtOAc:Pentane)
afforded the title compound as a beige amorphous solid (Method A: 46.3 mg, 0.18 mmol,
59% Method B: 69.8 mg, 0.27 mmol, 89%).

H NMR (CDCl3, 300 MHz) 6y 7.52 (d, ] = 8.8 Hz, 4H), 6.94 (d, ] = 8.8 Hz, 4H), 3.79 (s,
6H). 13C{'H} NMR (CDCl3, 75 MHz) 5¢ 161.9, 137.1, 126.9, 114.8, 55.6.

Data are in agreement with the literature [48].

5,5'-sulfinylbis(benzo[d][1,3]dioxole) 4e:

9
SC
o) 0]

Synthesized according to the general procedure using 5-iodo-1,3-benzodioxole (114 pL,
0.9 mmol). Purification by flash column chromatography (gradient from 0 to 30% EtOAc:Pen
tane) afforded the title compound as a beige amorphous solid (Method A: 43.9 mg,
0.15 mmol, 50%).

'H NMR (CDCl3, 300 MHz) &y 7.16 (dd, ] = 8.0, 1.7 Hz, 2H), 7.00 (d, ] = 1.7 Hz, 2H),
6.85 (d, ] = 8.0 Hz, 2H), 5.99 (app q, ] = 1.4 Hz, 4H). 3C{'H} NMR (CDCl3, 75 MHz) ¢
150.4, 148.8,139.1, 120.0, 108.7, 104.9, 102.0.

Data are in agreement with the literature [48].
4,4'-sulfinylbis(tert-butylbenzene) 4f:

O

ISR BN
tBu B

Synthesized according to the general procedure using 4-tert-butyliodobenzene (160 uL,
0.9 mmol). Purification by flash column chromatography (gradient from 0 to 15% EtOAc:Pen
tane) afforded the title compound as a beige amorphous solid (Method A: 52.5 mg,
0.17 mmol, 56%).

1H NMR (CDCls, 300 MHz) 8y 7.57 (d, ] = 8.6 Hz, 4H), 7.47 (d, ] = 8.6 Hz, 4H), 1.30
(s, 18H). *C{'H} NMR (CDCl3, 75 MHz) ¢ 154.6, 142.5, 126.4, 125.0, 35.1, 31.3. HRMS
(DCI-CHy) Calc’d for CogH,70S [M + H]* 315.1783, found 315.1776. FTIR (neat) Vimax/cm ™!
3058, 3023, 2961, 2929, 2868, 1650, 2592, 1397, 1267, 1083, 1042, 1009, 840, 829, 589, 564.

4,4'-sulfinylbis(methylbenzene) 4a:

u

55



Molecules 2024, 29, 4809

@)

A0,

Synthesized according to the general procedure using 4-iodotoluene (196 mg, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pentane)
afforded the title compound as a beige amorphous solid (Method A: 42.4 mg, 0.18 mmol,
55%; Method B: 67.9 mg, 0.295 mmol, 98%).

Synthesized according to the general procedure using 4-bromotoluene (154 mg,
0.9 mmol), using THF in place of PhMe (Method B: 67.0 mg, 0.29 mmol, 97%).

'H NMR (CDCl3, 300 MHz) 6y 7.51 (d, ] = 8.2 Hz, 4H), 7.25 (d, ] = 8.1 Hz, 4H), 2.36 (s,
6H). 13C{'H} NMR (CDCl3, 75 MHz) §¢ 142.8, 141.5, 130.1, 125.0, 21.5.

Data are in agreement with the literature [24].

3,3'-sulfinylbis(methylbenzene) 4g:

0]

i
Me \©/S\©/ Me

Synthesized according to the general procedure using 3-iodotoluene (115 puL, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pentane)
afforded the title compound as a beige amorphous solid (Method A: 36.2 mg, 0.16 mmol,
52%).

'H NMR (CDCl3, 300 MHz) 8y 7.47 (s, 2H), 7.41 (d, ] = 7.7 Hz, 2H), 7.32 (t, ] = 7.6 Hz,
2H), 7.22 (d, ] = 7.4 Hz, 2H), 2.37 (s, 6H). 13C{'H} NMR (CDCl3, 75 MHz) & 145.5, 139.6,
131.9,129.2,125.1,122.1, 21.5.

Data are in agreement with the literature [49].
(sulfinylbis(4,1-phenylene))bis(methylsulfane) 4h:

o)

o
MeS SMe

Synthesized according to the general procedure using (4-iodophenyl)(methyl)sulfane
(225 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to 30%
EtOAc:Pentane) afforded the title compound as beige amorphous solid (Method B: 62.2 mg,
0.21 mmol, 70%).

'H NMR (CDCl3, 300 MHz) 6 7.51 (d, ] = 8.6 Hz, 4H), 7.27 (d, ] = 8.6 Hz, 4H), 2.47 (s,
6H). 3*C{'H} NMR (CDCl3, 75 MHz) 5c 143.4, 141.7, 126.3, 125.4, 15.2. HRMS (DCI-CHy)
Calc’d for C14H;50S [M+H]* 295.0285, found 295.0279. FTIR (neat) vmax/cm ™! 3051, 2985,
2920, 1575, 1476, 1435, 1391, 1095, 1071, 1046, 811, 744, 554.

Sulfinyldibenzene 4i:

i
0

Synthesized according to the general procedure using iodobenzene (100 pL, 0.9 mmol).

Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pentane)

afforded the title compound as a beige amorphous solid (Method A: 27.4 mg, 0.12 mmol,
40%).
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'H NMR (CDCl3, 300 MHz) &y 7.71-7.59 (m, 4H), 7.54-7.34 (m, 6H). 3C{'H} NMR
(CDCl3, 75 MHz) 6¢ 145.7,131.2,129.5, 124.9.
Data are in agreement with the literature [48].
3,3'-sulfinylbis(methoxybenzene) 4j:
O

i
Meo\©/8\©/OMe

Synthesized according to the general procedure using 3-iodoanisole (107 uL, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 30% EtOAc:Pentane)
afforded the title compound as a beige amorphous solid (Method A: 28.2 mg, 0.11 mmol,
36%).

'H NMR (CDCl3, 300 MHz) &y 7.34 (t, ] = 7.9 Hz, 2H), 7.23 (dd, | = 2.4, 1.6 Hz, 2H),
7.22-7.12 (m, 2H), 3.81 (s, 6H). 3C{1H} NMR (CDCls, 75 MHz) 5¢ 160.5, 147.0, 130.4, 117.5,
117.1,109.2, 55.7. HRMS (DCI-CHy) Calc’d for C14H;503S [M+H]* 263.0742, found 263.0733.

FTIR (neat) vmax/cm~! 3062, 2957, 2924, 2854, 1725, 1593, 1578, 1477, 1247, 1037, 781, 689.
4,4'-sulfinylbis(fluorobenzene) 4k:

O

i
o
F F
Synthesized according to the general procedure using 4-fluoroiodobenzene (104 uL,
0.9 mmol). Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pen
tane) afforded the title compound as a beige amorphous solid (Method A: 12.9 mg,
0.054 mmol, 13%, Method B: 53.2 mg, 0.22 mmol, 74%).
'H NMR (CDCl3, 300 MHz) 8y 7.61 (dd, ] = 8.9, 5.1 Hz, 4H), 7.15 (t, ] = 8.6 Hz, 4H).
13C{'H} NMR (CDCl3, 75 MHz) ¢ 5 164.5 (d, Jc.r = 252.2 Hz), 141.1 (d, Jc.r = 2.3 Hz), 127.2
(d, Je.r =9.0 Hz), 116.9 (d, Jc.F = 22.6 Hz).

Data are in agreement with the literature [48].
4,4’ -sulfinylbis(bromobenzene) 41:

)

JJQ,

Synthesized according to the general procedure using 1-bromo-4-iodobenzene (255 mg,
0.9 mmol). Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pen
tane) afforded the title compound as a beige amorphous solid (Method A: 60.4 mg,
0.17 mmol, 56%, Method B: 89.8 mg, 0.25 mmol, 83%).

'H NMR (CDCl3, 300 MHz) &y 7.66-7.55 (m, 4H), 7.55-7.44 (m, 4H). 3C{'H} NMR
(CDCl3, 75 MHz) 6c 144.5,132.9, 126.3, 126.1.

Data are in agreement with the literature [50].

1,1’-(sulfinylbis(4,1-phenylene))bis(ethan-1-one) 4m:
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Synthesized according to the general procedure using 1-(4-iodophenyl)ethan-1-one
(221.4 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0
to 70% EtOAc:Pentane) afforded the title compound as a pale yellow amorphous solid
(Method B: 76.8 mg, 0.27 mmol, 89%).

'H NMR (CDCl3, 300 MHz) 5y 8.04 (d, ] = 8.6 Hz, 4H), 7.77 (d, ] = 8.6 Hz, 4H), 2.60 (s,
6H). 13C{'H} NMR (CDCl3, 75 MHz) 5¢ 197.0, 150.1, 139.4, 129.5, 124.8, 26.9.

Data are in agreement with the literature [51].

5,5'-sulfinylbis(1,3-bis(trifluoromethyl)benzene) 4n:

FsC S CF;

CF3 CF3

Synthesized according to the general procedure using 1-iodo-3,5-bis(trifluoromethyl)benzene
(159 uL, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to 10%
EtOAc:Pentane) afforded the title compound as a pale yellow amorphous solid (Method B:
120.9 mg, 0.26 mmol, 85%).

I'H NMR (CDCl3, 600 MHz) &1 8.16 (s, 4H), 8.02 (s, 2H). 13C{!H} NMR (CDCl3, 151
MHz) 5¢ 147.8,133.8 (q, ] = 34.6 Hz), 126.0 (p, ] = 3.6 Hz), 124.7 (d, ] = 3.7 Hz), 122.5 (q,
] =273.7 Hz).

Data are in agreement with the literature [52].

(sulfinylbis(4,1-phenylene))bis(pentafluoro-A®-sulfane) 4o:

oreu
FsS SF

Synthesized according to the general procedure using pentafluoro(4-iodophenyl)-A-sulfane
(297 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to 20%
EtOAc:Pentane) afforded the title compound as a pale yellow amorphous solid (Method B:
121.1 mg, 0.27 mmol, 89%).

TH NMR (CDCl3, 300 MHz) 531 7.90 (d, ] = 8.9 Hz, 4H), 7.79 (d, ] = 9.1 Hz, 4H). 13C{'H}
NMR (CDCl3, 151 MHz) &¢ 156.1 (p, | = 18.4 Hz), 148.7, 127.6 (p, ] = 4.8 Hz), 125.0. F{'H}
NMR (CDCl3, 282 MHz) ér —62.97, -102.95—103.26 (m). HRMS (DCI-CHy) Calc’d for
C12HgOF10S3 [M]* 453.9578, found 453.9588. FTIR (neat) vmax/cm~! 3103, 3068, 2928,
1605, 1480, 1397, 1103, 1057, 840, 724, 666, 601.

4,4'-sulfinylbis(nitrobenzene) 4p:

5

@)

oL
O,N NO

Synthesized according to the general procedure using 1-iodo-4-nitrobenzene (224.1 mg,
0.9 mmol). Purification by flash column chromatography (gradient from 0 to 10% EtOAc:Pen
tane) afforded the title compound as a pale yellow amorphous solid (Method B: 71.7 mg,
0.25 mmol, 82%).

'H NMR (CDCl; 300 MHz) & 8.36 (d, ] = 8.8 Hz, 4H), 7.90 (d, ] = 8.8 Hz, 4H). 3C{'H}
NMR (CDCls, 75 MHz) 6¢ 151.6, 149.9, 125.5, 125.1.

Data are in agreement with the literature [50].

2,2'-sulfinylbis(methylbenzene) 4q:

2
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Me O Me

Synthesized according to the general procedure using 2-iodotoluene (114 pL, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 20% EtOAc:Pentane)
afforded the title compound as a beige amorphous solid (Method B: 55.6 mg, 0.24 mmol,
80%).

'H NMR (CDCl3, 300 MHz) 814 7.75-7.64 (m, 2H), 7.42-7.30 (m, 4H), 7.24-7.15 (m, 2H),
2.42 (s, 6H). *C{'H} NMR (CDCl3, 75 MHz) ¢ 141.9, 136.7, 131.2, 131.0, 127.2, 126.1, 18.7.

Data are in agreement with the literature [49].

2,2'-sulfinylbis(methoxybenzene) 4r:

OMe 9 OMe
S

Synthesized according to the general procedure using 1-iodo-2-methoxybenzene
(117 uL, 0.9 mmol). Purification by flash column chromatography (gradient from 0 to
60% EtOAc:Pentane) afforded the title compound as a beige amorphous solid (Method B:
64.9 mg, 0.25 mmol, 82%).

'H NMR (CDCl3, 300 MHz) 8y 7.65 (dd, ] = 7.7, 1.7 Hz, 2H), 7.41 (ddd, ] = 8.3, 7.4, 1.7
Hz, 2H), 7.07 (app. td, ] = 7.5, 1.0 Hz, 2H), 6.89 (dd, ] = 8.3, 1.0 Hz, 2H), 3.80 (s, 6H). 3C{'H}
NMR (CDCls, 75 MHz) §¢ 156.8, 132.5, 132.4, 127.0, 121.4, 111.3, 56.0.

Data are in agreement with the literature [49].

4,4'-sulfinyldidibenzo[b,d]thiophene 4s:

b L1

Synthesized according to the general procedure using 4-iododibenzo[b,d]thiophene
(465 mg, 1.5 mmol, 3 equiv. Purification by flash column chromatography (gradient from 0
to 20% EtOAc:Pentane) afforded the title compound as a beige amorphous solid (Method
B: 181.8 mg, 0.438 mmol, 85%).

TH NMR (CDCl3, 300 MHz) &y 8.22 (dd, J = 7.9, 1.1 Hz, 2H), 8.18 (dd, | = 7.6,
1.1 Hz, 2H), 8.14-8.10 (m, 2H), 7.87-7.83 (m, 2H), 7.61 (app t, ] = 7.7 Hz, 2H), 7.52-7 .41 (m,
4H). 3C{'H} NMR (CDCl3, 75 MHz) §¢ 140.1, 137.9, 136.4, 136.2, 134.1, 127.7, 125.1, 124.9,
124.9,124.6,122.9, 121.9. HRMS (DCI-CH,) Calc’d for Cp4H150S3 [M+H]* 415.0285 found
415.0268. FTIR (neat) vmax/cm ™! 3053, 2922, 1434, 1398, 1389, 1056, 1028, 749, 703.

1,1-sulfinyldinaphthalene 4t:

0
T

Synthesized according to the general procedure using 1-iodonaphthalene (131 pL, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 25% EtOAc:Pentane) af-
forded the title compound as a pale yellow amorphous solid (Method B: 87.7 mg, 0.29 mmol,
97%).
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'H NMR (CDCl3, 300 MHz) 8y 8.42-8.30 (m, 2H), 8.06 (dd, ] = 7.3, 1.2 Hz, 2H), 7.97
(app dt, ] = 8.2, 1.1 Hz, 2H), 7.96-7.85 (m, 2H), 7.61-7.51 (m, 6H). 1*C{'H} NMR (CDCl;,
75 MHz) 6¢ 139.9, 133.8,132.1, 130.1, 129.1, 127.8, 126.9, 125.8, 125.8, 122.7.

Data are in agreement with the literature [53].

9,9’-sulfinyldianthracene 4u:

T

Synthesized according to the general procedure using 9-bromoanthracene (386 mg,
1.5 mmol, 3 equiv.), and carrying the reaction at 110 °C. Purification by flash column
chromatography (gradient from 0 to 20% EtOAc:Pentane) afforded the title compound as a
bright yellow solid (Method B: 98 mg, 0.24 mmol, 49%).

'H NMR (CD,Cl,, 300 MHz) & 9.32-9.13 (m, 4H), 851 (s, 2H), 8.05-7.90 (m, 4H),
7.52-7.32 (m, 8H). 13C{H} NMR (CD,Cl,, 75 MHz) 5¢ 134.5,132.8, 131.6, 131.0, 129.9, 128.0,
125.8, 123.5.

Data are in agreement with the literature [38].

2,2'-sulfinylbis(1,3,5-trimethylbenzene) 4v:

Me O
S. Me

NN

Me Me Me

Synthesized according to the general procedure using 2-iodo-1,3,5-trimethylbenzene
(221.5 mg, 0.9 mmol). Purification by flash column chromatography (gradient from 0
to 20% EtOAc:Pentane) afforded the title compound as a beige amorphous solid (Method
B: 32.8 mg, 0.12 mmol, 38%).

'H NMR (CDCl3, 300 MHz) 8 6.86-6.77 (m, 4H), 2.42 (s, 12H), 2.27 (s, 6H). 13C{'H}
NMR (CDCl3, 75 MHz) §¢ 140.6, 138.6, 136.6, 131.3, 21.0, 19.6.

Data are in agreement with the literature [54].

3,3'-sulfinyldithiophene 4w:

S S

Synthesized according to the general procedure using 3-iodothiophene (91 uL, 0.9 mmol).
Purification by flash column chromatography (gradient from 0 to 30% EtOAc:Pentane)
afforded the title compound as a yellow oily residue (Method A: 3.4 mg, 0.02 mmol, 5%;
Method B: 54.8 mg consisting of a 90/10 mixture of the titled compound and tert-butyl
3-(thiophen-3-ylsulfinyl)propanoate, 0.26 mmol, 85%).

'H NMR (CDCl3, 300 MHz) & 7.80 (dd, ] = 3.0, 1.3 Hz, 2H), 7.43 (dd, ] = 5.1, 3.0 Hz,
2H), 7.11 (dd, ] = 5.2, 1.3 Hz, 2H). 3C{'H} NMR (CDCl3, 75 MHz) ¢ 144.3, 128.5, 127.0,
124.2. HRMS (DCI-CHy) Calc’d for CgH;OS3 [M+H]* 214.9659 found 215.9660. FTIR (neat)
vmax/cm ™! 3090, 3066, 1398, 1204, 1096, 1072, 1040, 791, 633.

tert-butyl 3-(thiophen-3-ylsulfinyl)propanoate 4w’:

The titled compound was isolated as a co-eluting byproduct upon isolation of 3,3'-
sulfinyldithiophene using method B (10%).
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1H NMR (CDCls, 300 MHz) 8y 7.76 (dd, ] = 3.0, 1.3 Hz, 1H), 7.51 (dd, ] = 5.1, 3.0 Hz, 1H),
7.23 (dd, ] = 5.1, 1.3 Hz, 1H), 3.20 (ddd, ] = 13.4, 8.4, 6.9 Hz, 1H), 3.06 (ddd, ] = 13.4, 8.2,
6.0 Hz, 1H), 2.75 (ddd, ] = 17.1, 8.2, 6.8 Hz, 1H), 2.50 (ddd, ] = 17.2, 8.4, 6.0 Hz, 1H), 1.43
(s, 9H).

3.6. Photophysical Properties of 4,4'-Sulfinylbis(N,N-Diphenylaniline) 4b and
4,4'-Sulfonylbis(N,N-Diphenylaniline) 5

Solutions of various concentrations of the desired compound were prepared in dry
and degassed PhMe in an argon filled glove-box. The solution was transferred in a 3 mL
quartz cuvette before sealing it tightly with a PTFE cap. The cuvette was removed from the
glove-box and rapidly studied.

3.7. X-ray Data

CCDC-2364220 (1), CCDC-2364221 (2), CCDC-2364222 (4b) and CCDC-2364223 (4s)
contain the supplementary crystallographic data for this paper (Sections S1-S3). These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/structures (accessed on 10 October 2024).

4. Conclusions

In summary, we designed two new reactants, smoothly furnishing the bis-sulfenate
anion synthon in basic conditions. These reactants were then applied in the development
of a pallado-catalyzed methodology for the synthesis of symmetrical biarylsulfoxides
tolerating a large array of electronic properties and bulkiness. Finally, the photophysical
properties of the biarylsulfoxide 4b have been explored, demonstrating an unreported
TADF phenomenon on sulfoxide-containing scaffolds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules29204809/s1, S1: Photophysical studies data. S2: NMR
Spectra. S3: X-ray diffraction studies.
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Abstract: An efficient and operationally simple method for the synthesis of 3-keto sulfones through
the BF3-OEt;-promoted reaction of alkynes and sodium sulfinates is developed. With its facile and
selective access to the targets, it features good functional group compatibility, mild conditions, easily
available starting materials, and good yields. Notably, the reaction does not require metal catalysts or
chemical reagents with pungent odors.

Keywords: sodium sulfinates; alkynes; sulfonylation reaction; BF3-OEt,; 3-Keto sulfones

1. Introduction

Sulfone compounds are of considerable importance in synthetic and medicinal chem-
istry [1,2]. For example, the introduction of sulfonyl groups into medicines can substantially
influence their polarity, acidity, aqueous solubility, and other properties [3,4], so the ef-
ficient synthesis of sulfone compounds has attracted extensive attention recently [5,6].
Among them, 3-keto sulfone as a kind of unique sulfone compound has been extensively
used in biomedicine, such as for anti-schistosomal, anti-analgesic, and antibacterial effects
(Figure 1) [7-9]. At the same time, it can also be used as a synthon and is widely used in

synthetic chemistry [10-12].
11B-HSD1-inhibitor Oxycarboxin

n=0

O=m=0
O

Anti-analgesic anent
Figure 1. Some bioactive (3-keto sulfone derivatives.

Traditionally, 3-keto sulfones can be synthesized through the nucleophilic alkylation
of sodium sulfinates with acyl halides [13]. In recent years, with the rise of green synthetic
chemistry and the development of various sulfur reagents [14-17], the coupling reaction of
unsaturated bonds (e.g., alkynes) and sulfur reagents has gradually become the main way
to synthesize 3-keto sulfones [18-20]. Among them, being bench-stable, commercially or
readily available, and easy to handle [21,22], sodium sulfinates/sulfinic acid is widely used
in the synthesis of (3-keto sulfones [23-26].

For instance, Lei’s group [27] reported the oxysulfonylation of terminal alkynes with
sulfinic acids catalyzed by pyridine (Scheme 1a). Afterward, Kumar’s group [28] also
reported a similar reaction (Scheme 1b). Recently, Sun’s group [29] reported the oxysul-
fonylation of arylpropiolic acids and sodium sulfnates to generate 3-keto sulfones using
only hexafluoroisopropanol (HFIP) as a solvent and oxygen as a green oxidant (Scheme 1c).
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(a) Lei's work O, (Air) o o
Pyridine 1
A—=——H + R—SO,H Ar)J\/ﬁ\R
DCE, 45°C, 4h 0
(b) Kumar's work O, (Air) 0
Histidine L
R'——H + R?-SO;Na R1J\/ﬁ\R2
AcOH/H,0, rt, 9-11 h 0
(¢) Sun's work 0
O, (Air) o
Ar—==—COOH + R'—SO;Na Ar)J\/ﬁ\R1
HFIP, rt, 4-24 h 0

Scheme 1. Examples of access to (3-keto sulfones starting from sodium sulfinates or sulfinic acids [27-29].

On the other hand, BF;-OEt; exhibits strong Lewis acidity [30,31], and its excellent
catalytic activity is widely used in various organic synthesis reactions [32,33]. In our
previous work [34], we reported a BF3-OEty-mediated difunctionalization reaction of
sodium sulfinates and alkynes to obtain 3-sulfinyl alkenylsulfone (Scheme 2b). In fact,
during the condition optimization for the above-mentioned work, we also unexpectedly
found that if the amount of BF3-OEt, was below 1.0 equiv., the main product changed from
(-sulfinyl alkenylsulfones to 3-keto sulfones.

OO0
\ - /,
R/ z \_Fr

Our previous R O\ R
\ A
BF;-OEt, works BF;-OEt; O\\S)}S\\
(3.0 equiv.) b (2.8 equiv.) _ , ©
DCM, air DCM, Ny, 40 °C, 1 h s »p K
50°C,3h R
1_=— 2
SO
SO,Na Metal-free
c BF;-OEt, Q 9
(0.5 equiv.) R1)J\(§ ‘ A
O Metal-free This work DCE, air RzO N
O Mild conditions rt, 4 h R

O Green approach O Available starting materials O Difunctionalization of alkynes O Gram-scale synthesis

Scheme 2. Serial synthesis reactions of sodium sulfinates catalyzed by BF;-OEt; [34,35].

In view of this, based on our previous research on C-S bond construction [21,36],
especially the sodium sulfinate reaction with BF5;-OEt; as a catalyst [34,35], herein, we
hope to report a new reaction under air atmosphere to efficiently obtain 3-keto sulfones via
the radical pathway (Scheme 2c¢). This reaction is designed to synthesize 3-keto sulfones
without any metal catalysts and does not require the use of chemical reagents with irritating
odors such as pyridine and acetic acid. Therefore, this method is more gentle and greener
and its successful development is also conducive to expanding the application of BF3-OEt,
as a catalyst. In particular, the regulation and control through this organosulfur reagent
and BF;3-OEt, catalyst under different reaction conditions can synthesize different products,
such as thiosulfonates, 3-sulfinyl alkenylsulfones, and {3-keto sulfones. Thus, this strategy
is of great significance in the fields of organic sulfur chemistry, BF; chemistry, and alkyne
conversion.

2. Results and Discussion
2.1. Optimization of Reaction Conditions
We attempted the reaction of phenylacetylene (1a) and sodium p-tolylsulfinate (2a) as

a model in dichloromethane (DCM) to systematically investigate the influences of different
factors to optimize the best conditions. The results are summarized in Table 1.
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Table 1. Optimization of reaction conditions [2].

= /J:::j/sozNa
+

BF;-OEt,

Solvent, temp., time

1a 2a 3a
Entry Acid (equiv.) la:2a Temp. (°C) Time (h) Solvent Yield (%) [b]

1 BF3-OEt, (0.5) 1:24 rt 4 DCM 38
2 BF3-OEt, (0.5) 1:24 rt 6 DCM 33
3 BF3-OEt, (0.5) 1:2.4 rt 2 DCM 15
4 BF3-OEt, (0.5) 1:24 40 4 DCM 32
5 BF3-OEt, (0.5) 1:24 0 4 DCM Trace
6 BF3-OEt, (0.25) 1:2.4 rt 4 DCM 22
7 BF3-OEt, (0.75) 1:24 rt 4 DCM 27
8 BF;-OEt; (0.5) 1:2.4 rt 4 DCE 56
9 BF3-OEt, (0.5) 1:2.4 rt 4 EA 24
10 BF5-OEt, (0.5) 1:2.4 rt 4 DMSO N.D. [
11 BF3-OEt, (0.5) 1:2.4 rt 4 CH30H N.D.
12 BF3-OEt, (0.5) 1:24 rt 4 C,Hs0H N.D.
13 BF3-OEt, (0.5) 1:24 rt 4 THF N.D.
14 BF3-OEt, (0.5) 1:2.4 rt 4 CH3;CN 18
15 BF3-OEt, (0.5) 1:2.4 rt 4 Toluene N.D.
16 BF5-OEt, (0.5) 1:24 rt 4 Acetone N.D.
17 BF3-OEt, (0.5) 1:24 rt 4 DMF N.D.
18 BF3-OEt, (0.5) 1:24 rt 4 AcOH N.D.
19 BF5-OEt, (0.5) 1:24 rt 4 1,4-Dioxane N.D.
20 BF3-OEt, (0.5) 1:2.4 rt 4 CHCl, 12
21 BF3-OEt, (0.5) 1:24 rt 4 Ethyl ether N.D.
22 BF;-OEt, (0.5) 1:24 rt 4 Dimethoxyethane N.D.
23 BF3-OEt, (0.5) 1:2.0 rt 4 DCE 43
24 BF3-OEt, (0.5) 1:2.8 rt 4 DCE 42

la] Reaction conditions: Usually, 1a (0.3 mmol), 2a (0.72 mmol), BF3-OEt, (0.15 mmol), and DCE (4 mL) at room
temperature (rt) for 4 h under air atmosphere. P! Isolated yield. [ N.D. = Not Detected.

Initially, we examined the reaction time (Entries 1-3). When the reaction time increased
to 6 h, there was no improvement. When the reaction time was shortened, the yield
decreased sharply.

In addition, lowering or increasing the reaction temperature did not increase the yield
(Entries 4-5 vs. Entry 1).

Similarly, we also examined the amount of BF;-OEt, used. It was found that increasing
or decreasing the amount of Lewis acid did not further increase the yield (Entries 67 vs.
Entry 1).

At the same time, the effect of solvents on the model reaction was investigated (Entries
1, 8-22). It was found that the solvent plays a significant role in the success of this reaction.
Among different solvents, e.g., ethyl acetate (EA), dimethyl sulfoxide (DMSO), tetrahy-
drofuran (THF), and N,N-dimethylformamide (DMF), using 1,2-dichloroethane (DCE) as
the solvent was more favorable to the formation of 3a (Entry 8 vs. Entry 1). Therefore, we
decided to choose DCE as the best solvent.

Furthermore, we investigated the ratio of reactants 1a and 2a. When the ratio of 1a:2a
was 1:2.4, the best effect was achieved (Entry 8 vs. Entries 23-24).

Thus, the optimized reaction conditions were identified as using 1a (0.3 mmol), 2a
(0.72 mmol), and BF3-OEt; (0.15 mmol) as the catalyst and 4.0 mL of DCE as the solvent at
room temperature (rt) for 4 h.
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2.2. Scope of Substrates

Under the optimized conditions, a range of alkynes 1 and sodium sulfinates 2 were
applied in the transformation to establish the scope and generality of this reaction.

We first investigated various alkyne substrates 1 to explore the scope of this reaction
(Table 2).

Table 2. Substrate scope of various alkyne compounds 1 sodium sulfinates 2 [/ b1,

P o O
~7 X SO2Na BF5-OEt, S
R + Ry g1 S ol N 2
= = DCE, rt, 4 h T P
3

3a, 56% 3b, 58% 3¢, 63%
1 0 (\)\ T
I §
I
o, o o
F
3d, 50% 3e, 38% cl 3f, 48%
O 9 I
1
% %
I
o) o)
Br 39, 51% O2N 3h, 32% FsC 3i, 35%
I ‘ I I
I o I CI I
o) o)
3j, 50% 3k, 55% 31, 42%
o 0 o 0 Yo o o
Br § § §
0 o o)
3m, 47% 3n, 40% 30, 49%
o o Q (‘s?
I
§ H 6
SOt
0,
3p, 46% 3q,R=H, 51% 3t,62%

3r, R = 4-OCHj3, 67%
3s, R =4-Cl, 50%

[a] Reaction conditions: Usually, 1 (0.30 mmol), 2 (0.72 mmol), BF3-OEt; (0.15 mmol), and DCE (4 mL) were added
and stirred at room temperature (rt) for 4 h. [l Isolated yield.

Pleasingly, many arylalkynes 1 bearing electron-donating substituents (e.g., methyl,
ethyl, and tert-butyl) at the para-position of the aryl group were successfully employed
with moderate yields (3a-3d, 50-63%). For other substituents, e.g., halogen, there was a
slight decrease in the yield of the desired product (3e-3g, 38-51%). In particular, when
the strong electron-withdrawing groups (e.g., -CF3, -NO,) were bearing in 1, the yield
decreased further (3h-3i, 32-35%).

In the next step, the effect of different positions of the arylalkyne ring on the yield
was investigated. Due to the steric effect, for the same substituent group, when it was a
meta-substituted group in the arylalkyne substrate 1, the yield was lower than that of the
para-substituted group, such as 3b (58%) vs. 3j (50%), 3f (48%) vs. 31 (42%), and 3g (51%)
vs. 3m (47%).
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As anticipated, when the arylalkyne substrate 1 was bearing ortho-substituted, the
yield was further reduced, such as 3b (58%) vs. 3j (50%) vs. 3n (40%), and 3k (55%) vs.
30 (49%). Furthermore, polycyclic substituted alkynes 1 also can be transformed into the
corresponding products (e.g., 3p, 46%).

Importantly, the scope of sodium arylsulfinate substrates 2 was also examined. The
results are also summarized in Table 2. Obviously, the substituted 2 was able to react with
1a to produce the corresponding products with moderate yields (3q-3t, 51-67%). Among
them, the substrate 2 containing electron-donating groups performed better than those
with electron-withdrawing groups, such as 3r (67%) vs. 3a (56%) vs. 3q (51%) vs. 3s (50%),
and 3c (63%) vs. 3t (62%).

2.3. Structural Characterization Analysis

From the 'H NMR spectra of the target compounds, it can be seen that the 'H NMR
data of the twenty compounds 3a-3t are consistent with the simulated data of the hydro-
gen atom in the target products. For example, the 'H NMR spectra of the synthesized
compounds 3a-3t show that there was a single peak with the integration of two units near
4.72 ppm, which was a characteristic peak caused by methylene hydrogen in the structure
of the target products.

At the same time, in the 13C NMR spectra, the single peak of the chemical shift
value near 64.0 ppm was also a characteristic peak of methylene carbon. In addition,
regardless of whether the product contains one fluorine atom or trifluoromethyl group, the
corresponding chemical shift can be found in 1°F NMR, as anticipated.

In a word, these test results indicate that the characterization results of NMR are
consistent with expectations. The tested data of the synthesized compounds 3a-3t, including
the data of the melting point (m.p.), are also consistent with data in the references reported
before [17,19,23,25].

Although NMR tests have proven that compounds 3a-3t have the expected structure,
in order to further determine the structure of the product, we also conducted single-crystal
cultivation of compound 3a. Its crystal resolution data are shown in Table 3, successfully
affirming that 3a does have the expected structure [37].

Table 3. X-ray crystal data and structure refinement for compound 3a.

Compound 3a
Empirical formula C15H1403S
Formula weight 274.32
Temperature (K) 297
Wavelength (A) 0.71073
Crystal system monoclinic
Space group P2;/n

a=7.7540(5), b = 11.5019(8), ¢ = 15.3137(10)
x =90, B =98.746(7), v = 90

Unit cell dimensions (A, °)

Volume (A3) 1349.88(16)
Z 4
Density (calculated) (g/ cmd) 1.350
Absorption coefficient (mm 1) 0.240
F(000) 576.0
Theta range for data collection 2.691 to 29.072
Index ranges —-10<h<10,-15<k<13,-20<1<20
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Table 3. Cont.

Compound 3a
Reflections collected 6338
Independent reflections 3117 [R(int) = 0.0218, R(sigma) = 0.0379]
Completeness to theta = 29.072° 86.4 %
Absorption correction Multi-Scan
Max. and min. transmission 1.000 and 0.885

Refinement method

Least Squares minimisation

Data / restraints / parameters

3117 /0 /173

Goodness-of-fit on F2

1.027

Final R indices [I>2sigma(I)]

Ry =0.0489, wR, = 0.1141

R indices (all data)

Ry =0.0668, wR, = 0.1229

Largest diff. peak and hole

0.26 and —0.26 e.A-3

Accordingly, the X-ray single-crystal diffraction results of compound 3a in Figure 2
indicate that the molecule contains two benzene rings, which are connected to a carbonyl
group and a sulfonyl group, respectively. Moreover, the carbonyl and sulfonyl groups are
connected by a methylene group. Thus, the structure of compound 3a can also be aptly
confirmed through the single crystal structure.

@cC
)T
@0
- Qs

Figure 2. The crystal structure of 3a (CCDC: 2367445).

On the other hand, the molecular weights of these radicals in control experiments
were obtained by high-resolution mass spectrometry (HR-MS), and the error between the
tested value and the calculated value was within a reasonable range.

2.4. Mechanism Investigation

In order to understand the reaction mechanism, some control experiments were carried
out. The results are shown in Scheme 3.

Initially, once 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a free radical scavenger
was added under the standard reaction conditions, the formation of 3a was obviously
suppressed (Scheme 3a). Importantly, the capture of the sulfonyl radical by TEMPO could
be detected by HR-MS (Figure S2), indicating that a free radical pathway may be involved
in this process.

Similarly, when using 1,1-diphenylethylene as a free radical scavenger, there was no
normal reaction for the formation of 3a (Scheme 3b), and the capture of the sulfonyl radical
by 1,1-diphenylethylene was also confirmed by HR-MS. In Figure 3, it can be seen that
the theoretical calculated value of [M+H]" of intermediates is 335.1100, and the actual test
value is 335.1096 with an error value of 0.0004, which is indeed within the reasonable range.
This also indicates that there is a free radical pathway.
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SO2Na Standard conditions

Q
+ - 3a + N-O—S (a)
2 equiv. TEMPO I
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2a trace Detected by HRMS
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2a

SO2Na Standard conditions 3 . Ph o SO,Tol
a

(b)

2 equiv. 1,1-diphenlethylene PH

trace Detected by HRMS

O O
g
SO.Na . S
+ Standard conditions o ©)K/ i ©
Without BF3-OEt,
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g
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Detected by TLC Detected by TLC
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O
2a

-
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Scheme 3. Control experiments.

What is more, the control experiment also implies that Lewis acid BF3-OEt; could be
essential for this reaction (Scheme 3c).

At the same time, in order to determine the source of the carboxyl oxygen atom in
compound 3, an experiment in an oxygen-free atmosphere was investigated. When the
reaction was carried out in a N atmosphere, the target product could not be obtained
(Scheme 3d). This result shows that O, in the air may be the source of the carboxyl oxygen
atom in the product [28].

Furthermore, when the reaction was carried out under standard conditions, (3-sulfinyl
alkenylsulfone and thiosulfonate were easily observed by TLC (Scheme 3e), which may be
the byproducts of the reaction.

Thus, on the basis of the above control experiments and the previously reported stud-
ies [14,16,23,25,27-29,34,35,38,39], a possible reaction pathway is proposed as Scheme 4.

Firstly, BF3-H,O is produced in situ from BF3-OEt; in the case of a trace amount of
water [34,35]. Then, BF3-H,O reacts with sodium sulfinate 2, giving sulfinic acid A and
Na[BF;OH]. Subsequently, sulfinyl sulfone B is generated from sulfinic acid A, and it is
easy to produce sulfonyl radical I and sulfinyl radical II from intermediate B under heating
conditions [38,39].

Secondly, sulfonyl radical I is added to alkyne 1 to give intermediate C [14,23], which
is then trapped by oxygen to generate intermediate D [25]. Finally, intermediate D forms
intermediate E [16] via the hydrogen ion and radical II, while causing radical II to generate
free radical I. Intermediate E is prone to tautomerism [27-29], giving product 3 (Scheme 4).

Considering the preliminary experimental results (Scheme 2a and 2b) [34,35], we
speculate that the amount of BF3-OEt; determines the amount of sodium sulfite involved in
the reaction and less BF3-OEt, is beneficial to the reaction of less sodium sulfite (Scheme 2c¢).
At the same time, the reaction atmosphere [35] and the presence [34] or absence [35] of
acetylene substrate determine which radicals are easier to generate and react. This is why
different products can be produced in similar BF5-OEt, catalytic systems (Scheme 2).
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Figure 3. The HR-MS of the capture of sulfonyl radical by scavenger 1,1-diphenylethylene in the
control experiment.
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R- SO2Na R802 S R-S- + I
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Scheme 4. Proposed mechanism.

In addition, as shown in Scheme 5, sulfinyl radicals II are extremely unstable in
an air atmosphere and are prone to disproportionation to form sulfonyl radicals I and
thiyl radicals III [40,41], which easily couple to form thiosulfonates F (Minor path a from
intermediate II) [42,43]. Similarly, a small amount of 3-sulfinyl alkenylsulfones G (Minor
path b from intermediate II) [34] as a by-product can also be observed, which may be
caused by the incomplete disproportionation of sulfinyl radicals [44].
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Scheme 5. Proposed mechanism for the by-products.

2.5. Gram-scale Reaction

Considering that there is a wide application of 3-keto sulfones in organic synthesis
and biomedicine [45], in order to demonstrate the practicability of this reaction, further
gram-scale research was carried out by selecting the synthesis of the target compound 3c as
an example (Scheme 6).

Z SO,N 7 9
= /©/ Che Standard conditions S
+
60 % 0\©\
1c 2a 3c
(6.0 mmol, 0.78 g) (1.09 g)

Scheme 6. Gram-scale reaction of 3c.

Obviously, the gram-scale synthesis of 3c is satisfactory. With the increase in the
amount of reactant 1c from 0.3 to 6.0 mmol, the yield of 3c is only slightly decreased (60%
vs. 63%), and the target compound 3¢ can be smoothly synthesized in gram-scale with a
good yield.

3. Materials and Methods
3.1. General Information

'H and '*C NMR spectra were collected on an AVANCE NEO-600 in CDCl;3 using
tetramethylsilane (TMS) as an internal standard. Mass spectra were recorded on a Thermo
Scientific ISQ gas chromatograph-mass spectrometer. High-resolution mass spectra (HR-
MS) were obtained with a MAT 95XP mass spectrometer. The melting point (m.p.) was
measured with a WRS-1B melting point instrument. Single-crystal X-ray analysis was
performed using Agilent Gemini E. Reactions were monitored using thin-layer chromatog-
raphy (TLC) and visualized with a UV light at 254 nm.

All reagents and solvents were purchased from commercial sources and used without
further purification.

3.2. Experimental Procedure for Sodium Sulfinates 2

Different sodium sulfinates 2 were synthesized as Scheme 7 according to the procedure
in the literature [22,26,46].

N32803, N3H003
Ar—S0,Cl Ar—SO,Na
H,0, 80 °C, 4 h )

Scheme 7. Synthesis route of different sodium sulfinates 2.

According to the literature [22,26,46], the mixture of arylsulfonyl chloride (10 mmol),
sodium sulfite 2 (20 mmol), and sodium bicarbonate (20 mmol) in H,O (15 mL) was stirred
at 80 °C for 4 h. Water was removed by a rotary evaporator. Then, the remaining solid was
extracted and recrystallized by ethanol to obtain the required compound 2.
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3.3. Experimental Procedure for Compounds 3a-3t

As shown in Scheme 8, the mixture of alkyne compound 1 (0.30 mmol, 1.0 equiv.),
sodium sulfinate 2 (0.72 mmol, 2.4 equiv.), and BF3-OEt; (0.15 mmol, 0.5 equiv.) in DCE
(4 mL) under an air atmosphere was stirred at room temperature for 4 h. After the com-
pletion of the reaction, ethyl acetate (EA) (15 mL) was poured into the reaction mixture.
The organic layers were extracted with a saturated sodium chloride solution (3 x 15 mL).
Then, the organic layer was dried over anhydrous Na;SOy. Finally, after the filtration and
evaporation of the solvents under reduced pressure, the crude product was purified by
column chromatography on silica gel to afford the desired product 3.

= o O
~ X SONa BF5-OEt, 8
R' + Ry R1 o ! ‘ = R2
—_— O —_—
_ - DCE, it, 4 h P P
1 2 3

Scheme 8. Synthesis route for Compounds 3a-3t.

3.4. Characterization Data for All Products 3a-3t

The structures of the serial compounds 3a-3t were systematically characterized via
NMR, m.p., etc., and the corresponding data are summarized as follows:

(1) 1-Phenyl-2-tosylethan-1-one (3a), white solid (43.0 mg, 56%); m.p.: 106-108 °C
(103-105 °C [23]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.4 (s, 3H, CH3), 4.72 (s, 2H, CH,),
733 (d,] =8.4Hz, 2H, ArH), 7.46-7.49 (m, 2H, ArH), 7.61 (¢, ] = 7.2 Hz, 1H, ArH), 7.76 (d,
] =8.4 Hz, 2H, ArH), 7.94 (d, ] = 7.2 Hz, 2H); '3C NMR (150 MHz, CDCl3), 6, ppm: 21.9,
63.8,128.8, 129.0, 129.5, 130.0, 134.5, 135.8, 135.9, 145.5, 188.3.

(2) 1-(p-Tolyl)-2-tosylethan-1-one (3b), white solid (50.1 mg, 58%); m.p.: 109-111 °C
(119-121 °C [47]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.42 (s, 3H, CHj), 2.44 (s, 3H,
CHs), 4.69 (s, 2H, CH,), 7.27 (d,] = 8.4 Hz, 2H, ArH), 7.33 (d, ] = 8.4 Hz, 2H, ArH), 7.75 (d,
] = 8.4 Hz, 2H, ArH), 7.85 (d, ] = 8.4 Hz, 2H, ArH); 13C NMR (150 MHz, CDCly), §, ppm:
21.9,21.9,63.7,128.7,129.6, 129.7, 129.9, 133.5, 135.9, 145.4, 145.7, 187.8.

(3) 1-(4-Ethylphenyl)-2-tosylethan-1-one (3c), white solid (57.1 mg, 63%); m.p.: 95-97 °C
(84% [48]); 'H NMR (600 MHz, CDCl3), 6, ppm: 1.26 (¢, ] = 7.2 Hz, 3H, CH3), 2.44 (s, 3H,
CH3),2.72 (g,] = 7.2 Hz, 2H, CH,), 4.69 (s, 2H, CHy), 7.30 (d, ] = 8.4 Hz, 2H, ArH), 7.33 (4,
] =8.4Hz, 2H, ArH), 7.76 (d, ] = 8.4 Hz, 2H, ArH), 7.87 (d, | = 8.4 Hz, 2H, ArH); 13C NMR
(150 MHz, CDCly), 6, ppm: 15.2, 21.8,29.2, 63.7,128.5,129.7, 129.7, 129.9, 133.7, 135.9, 145 4,
151.8, 187.8.

(4) 1-(4-(tert-Butyl)phenyl)-2-tosylethan-1-one (3d), white solid (49.5 mg, 50%); m.p.:
93-94 °C (95-97 °C [49]); 'H NMR (600 MHz, CDCl3), 6, ppm: 1.34 (s, 9H, CH3), 2.43 (s, 3H
CHs), 4.69 (s, 2H, CH,), 7.32 (d, ] = 8.4 Hz, 2H, ArH), 7.48 (d, ] = 8.4 Hz, 2H, ArH), 7.76 (d,
J =8.4Hz, 2H, ArH), 7.88 (d, ] = 8.4 Hz, 2H, ArH); '*C NMR (150 MHz, CDCl3), 6, ppm:
21.8,31.1,35.4, 63.6,126.0, 128.7, 129.5, 129.9, 133.4, 135.9, 145.4, 158.5, 187.8.

(5) 1-(4-Fluorophenyl)-2-tosylethan-1-one (3e), white solid (33.3 mg, 38%); m.p.: 134-135 °C
(125-127 °C [47]); 'TH NMR (600 MHz, CDCl3), 6, ppm: 2.45 (s, 3H, CH3), 4.68 (s, 2H CH,),
7.14-7.17 (m, 2H, ArH), 7.34 (d, | = 8.4 Hz, 2H, ArH), 7.75 (d, | = 8.4 Hz, 2H, ArH), 7.99-8.01
(m, 2H, ArH); 13C NMR (150 MHz, CDCly), 6, ppm: 21.9, 63.9, 116.2 (d, | = 22.5 Hz) 128.7,
130.0, 132.3,132.4 (d, ] = 10.5 Hz), 135.7, 145.7, 166.6 (d, ] = 256.5 Hz), 186.7; 1°F NMR (564
MHz, CDCl3), 6, ppm: -102.4.

(6) 1-(4-Chlorophenyl)-2-tosylethan-1-one (3f), white solid (44.4 mg, 48%); m.p.:
132-134 °C (138-139 °C [46]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.45 (s, 3H, CH3),
4.68 (s, 2H, CHy), 7.34 (d, ] =7.8 Hz, 2H, ArH), 7.46 (d, | = 8.4 Hz, 2H, ArH), 7.74 (d,
] =7.8 Hz, 2H, ArH), 7.90 (d, ] = 8.4 Hz, 2H, ArH); 13C NMR (150 MHz, CDCl3), §, ppm:
21.9,63.9,128.7,129.3, 130.0, 130.9, 134.2, 135.7, 141.2, 145.7, 187.2.

(7) 1-(4-Bromophenyl)-2-tosylethan-1-one (3g), white solid (53.9 mg, 51%); m.p.:
140-141 °C (143145 °C [23]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.45 (s, 3H, CHj),
4.67 (s, 2H, CHy), 7.34 (d, ] = 8.4 Hz, 2H, ArH), 7.63 (d, ] = 9.0 Hz, 2H, ArH), 7.74 (d,
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] = 8.4 Hz, 2H, ArH), 7.82 (d, ] = 9.0 Hz, 2H, ArH); 3C NMR (150 MHz, CDCl3), §, ppm:
21.9,63.9,128.7,130.0, 130.1, 131.0, 132.4, 134.6, 135.7, 145.7, 187 4.

(8) 1-(4-Nitrophenyl)-2-tosylethan-1-one (3h), white solid (30.6 mg, 32%); m.p.:
140-142 °C (145-147 °C [19]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.47 (s, 3H, CH3),
4.75 (s, 2H, CHy), 7.37 (d, ] = 8.4 Hz, 2H, ArH), 7.74 (d, | = 8.4 Hz, 2H, ArH), 8.15 (d,
J =9.0 Hz, 2H, ArH), 8.33 (d, ] = 9.0 Hz, 2H, ArH); '3C NMR (150 MHz, CDCl3), 6, ppm:
21.9,64.3,124.1,128.7,130.2, 130.7, 135.5, 140.1, 146.1, 151.0, 187.1.

(9) 2-Tosyl-1-(4-trifluoromethylphenyl)ethan-1-one (3i), white solid (35.9 mg, 35%);
m.p.: 134-136 °C (129-131 °C [23]); 'H NMR (600 MHz, CDCl3), §, ppm: 2.45 (s, 3H, CHj),
473 (s, 2H, CHy), 7.34 (d, ] = 8.4 Hz, 2H, ArH), 7.73-7.76 (m, 4H, ArH), 8.07 (d, ] = 8.4 Hz,
2H, ArH); 13C NMR (150 MHz, CDCly), 6, ppm: 21.9, 64.0, 123.5 (g, ] = 271.5 Hz), 126.0 (g,
] = 4.5 Hz128.7, 129.9, 130.1, 135.5 (g, ] = 33.0 Hz), 135.6, 138.4, 145.9, 187.6; '°F NMR
(564 MHz, CDCls), §, ppm: -63.3.

(10) 1-(m-Tolyl)-2-tosylethan-1-one (3j), white solid (43.2 mg, 50%); m.p.: 97-98 °C
(97-99 °C [47]); 'H NMR (600 MHz, CDCl), 5, ppm: 2.40 (s, 3H, CH3), 2.44 (s, 3H, CH3),
4.70 (s, 2H, CHy), 7.33 (d, ] = 8.4 Hz, 2H, ArH), 7.35-7.38 (m, 1H, ArH), 7.42 (d, ] = 7.8 Hz,
1H, ArH), 7.71 (s, 1H, ArH), 7.74 (d, ] = 7.8 Hz, 1H, ArH), 7.76 (d, | = 8.4 Hz, 2H, ArH);
13C NMR (150 MHz, CDCl3), 6, ppm: 21.4,21.9, 63.7, 126.8, 128.8, 128.9, 129.8, 129.9, 135.3,
136.0, 138.9, 145.5, 188.4.

(11) 1-(3-Methoxyphenyl)-2-tosylethan-1-one (3k), colorless oil (50.2 mg, 55%) ( 54% [47]);
'H NMR (600 MHz, CDCl3), 6, ppm: 2.44 (s, 3H, CH3), 3.84 (s, 3H, OCHj3), 4.70 (s, 2H,
CH,),7.16 (d, ] =7.8 Hz, 1H, ArH), 7.34 (d, ] = 8.4 Hz, 2H, ArH), 7.37-7.40 (m, 1H, ArH),
7.43 (s, 1H, ArH), 7.52 (d, ] = 7.8 Hz, 1H, ArH), 7.77 (d, ] = 8.4 Hz, 2H, ArH); 13C NMR
(150 MHz, CDCl3), J, ppm: 21.9, 55.6, 63.8, 113.1, 121.3, 122.3, 128.8, 130.0, 135.9, 137.2,
145.5,160.1, 188.4.

(12) 1-(3-Chlorophenyl)-2-tosylethan-1-one (31), white solid (38.8 mg, 42%); m.p.:
71-73 °C (71-73 °C [47]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.45 (s, 3H, CH3), 4.68 (s, 2H,
CH,), 7.34 (d, ] = 7.8 Hz, 2H, ArH), 7.42-7.46 (m, 1H, ArH), 7.58 (d, ] = 7.2 Hz, 1H, ArH),
7.75 (d, ] = 7.8 Hz, 2H, ArH), 7.84-7.86 (m, 2H, ArH); '3C NMR (150 MHz, CDCl3), §, ppm:
21.9,63.9,127.7,128.7,129.3,130.1, 130.3, 134.4, 135.4, 135.7, 137 .4, 145.8, 187.2.

(13) 1-(3-Bromophenyl)-2-tosylethan-1-one (3m), white solid (49.6 mg, 47%); m.p.:
140-142 °C (140-141 °C [50]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.45 (s, 3H, CH3), 4.68
(s,2H, CHy), 7.34 (d, ] = 8.4 Hz, 2H, ArH), 7.36-7.39 (m, 1H, ArH), 7.72-7.75 (m, 3H, ArH),
7.89 (d, ] = 7.8 Hz, 1H, ArH), 8.00 (s, 1H, ArH); 13C NMR (150 MHz, CDCl3), 6, ppm: 21.9,
63.8,123.3,128.2,128.7,130.1, 130.5, 132.2, 135.6, 137.3, 137.5, 145.8, 187.1.

(14) 1-(o-Tolyl)-2-tosylethan-1-one (3n), white solid (34.6 mg, 40%); m.p.: 99-101 °C
(95-97 °C [51]); 'H NMR (600 MHz, CDCl3), §, ppm: 2.43 (s, 3H, CH3), 2.44 (s, 3H, CH3),
4.69 (s, 2H, CH,), 7.24-7.26 (m, 1H, ArH), 7.28 (d, ] = 7.8 Hz, 1H, ArH), 7.33 (d, ] = 8.4 Hz,
2H, ArH), 7.41-7.43 (m, 1H, ArH), 7.73 (d, ] =7.8 Hz, 1H, ArH), 7.75 (d, ] = 8.4 Hz, 2H, ArH);
13C NMR (150 MHz, CDCly), 6, ppm: 21.7,21.9, 65.7, 126.0, 128.6, 130.0, 130.6, 132.4, 132.9,
135.8,136.1, 140.2, 145.4, 190.6.

(15) 1-(2-Methoxyphenyl)-2-tosylethan-1-one (30), white solid (44.7 mg, 49%); m.p.:
124-126 °C (128-130 °C [51]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.42 (s, 3H, CH3), 3.88
(s, 3H, OCH3), 4.92 (s, 2H, CHy), 6.90 (d, ] = 8.4 Hz, 1H, ArH), 6.97-7.00 (m, 1H, ArH),
7.29 (d, ] = 8.4 Hz, 2H, ArH), 7.47-7.50 (m, 1H, ArH), 7.65 (d, 1H, ] = 7.8 Hz, ArH), 7.74 (d,
] = 8.4 Hz, 2H, ArH); 3C NMR (150 MHz, CDCl3), §, ppm: 21.7, 55.7, 67.5, 111.7, 121.0,
126.3,128.5,129.5, 131.3, 135.2, 136.7, 144.8, 159.0, 189.2.

(16) 1-(Naphthalen-2-yl)-2-tosylethan-1-one (3p), white solid (44.7 mg, 46%); m.p.:
150151 °C (150-152 °C [17]); 'H NMR (600 MHz, CDCl3), 6, ppm: 2.43 (s, 3H, CH3), 4.86
(s, 2H, CH3),7.34 (d, ] = 8.4 Hz, 2H, ArH), 7.59-7.62 (m, 1H, ArH), 7.65-7.68 (m, 1H, ArH),
7.80 (d, ] = 8.4 Hz, 2H, ArH), 7.90-7.93 (m, 2H, ArH), 7.98-8.00 (m, 2H, ArH), 8.48 (s, 1H,
ArH); 13C NMR (150 MHz, CDCl3), &, ppm: 21.8, 64.0, 124.1, 127.3, 128.0, 128.8, 129.0, 129.5,
130.0, 130.1, 132.3, 132.4, 133.3, 135.8, 135.2, 145.6, 188.4
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(17) 1-Phenyl-2-(phenylsulfonyl)ethan-1-one (3q), white solid (39.8 mg, 51%); m.p.:
86-88 °C (85-87 °C [23]); 'H NMR (600 MHz, CDCl3), 8, ppm: 4.74 (s, 2H, CH), 6.46-7.49
(m, 2H, ArH), 7.53-7.56 (m, 2H, ArH-11,13), 7.62 (t, | = 7.8 Hz, 1H, ArH), 7.66 (t, ] = 7.8 Hz,
1H, ArH), 7.90 (d, ] = 7.2 Hz, 2H, ArH), 7.93 (d, ] = 7.2 Hz, 2H, ArH); 13C NMR (150 MHz,
CDCl), J, ppm: 63.6,128.7,129.0, 129.3, 129.4, 134.4, 134.5, 135.8, 138.8, 188.1.

(18) 2-(4-Methoxypheny)sulfonyl)-1-phenylethan-1-one (3r), white solid (50.6 mg,
53%); m.p.: 100-102 °C (100-102 °C [25]); 'H NMR (600 MHz, CDCl3), &, ppm: 3.86 (s,
3H, OCH3), 4.71 (s, 2H, CH)), 6.97 (d, ] = 9.0 Hz, 2H, ArH), 7.46-7.48 (m, 2H, ArH), 7.61
(t, ] =7.8 Hz, 1H, ArH), 7.79 (d, ] = 9.0 Hz, 2H, ArH), 7.93 (d, ] = 7.2 Hz, 2H, ArH); 13C
NMR (150 MHz, CDCls), 6, ppm: 55.8, 63.8, 114.5, 128.9, 129.4, 130.3, 131.0, 134.4, 135.9,
164.2, 188.4.

(19) 2-(4-Chlorophenylsulfonyl)-1-phenylethan-1-one (3s), white solid (44.1 mg, 50%);
m.p.: 131-132 °C (132-134 °C [17]); 'H NMR (600 MHz, CDCl3), §, ppm: 4.74 (s, 2H, CH,),
7.48-7.51 (m, 2H, ArH), 7.52 (d, | = 8.4 Hz, 2H, ArH), 7.64 (¢, ] = 7.8 Hz, 1H, ArH), 7.83 (d,
] = 8.4 Hz, 2H, ArH), 7.94 (d, ] = 7.8 Hz, 2H, ArH); '3C NMR (150 MHz, CDCl3), 6, ppm:
63.5,129.1,129.4,129.7,130.3, 134.7, 135.7, 137.2, 141.3, 188.0.

(20) 1-(4-Ethylphenyl)-2-phenylsulfonylethan-1-one (3t), white solid (53.6 mg, 62%);
m.p.: 128-129 °C (127-129 °C [25]); 'H NMR (600 MHz, CDCl3), 6, ppm: 1.25 (t,] = 7.8 Hz,
3H, CH3), 2.71 (g, ] = 7.8 Hz, 2H, CH,), 4.72 (s, 2H, CHy), 7.29 (d, ] = 8.4 Hz, ArH), 7.52-7.55
(m,2H, ArH), 7.65 (t,] =7.8 Hz, 1H, ArH), 7.86 (d, ] = 8.4 Hz, 2H, ArH), 7.89 (d, ] = 7.2 Hz,
2H, ArH); ¥C NMR (150 MHz, CDCl3), 6, ppm: 15.1,29.1, 63.5, 128.5, 128.7, 129.3, 129.7,
133.6, 134.3,138.9, 151.8, 187.6.

The detailed 'H, '3C, and 'F NMR spectra for all compounds 3a-3t are provided in
the Supplementary Materials.

4. Conclusions

In summary, we successfully found a BF;-OEty-mediated oxysulfonylation reaction
of sodium sulfinates and alkynes. The reaction does not need any metal catalysts, and
the simple and mild conditions make it a convenient procedure for the synthesis of 3-
keto sulfones. A possible radical mechanism was also proposed on the basis of control
studies. Importantly, this reaction uses oxygen in the air as an oxidant and does not need
to use chemical reagents with pungent odors such as pyridine and acetic acid. It meets the
requirements of the development of green chemistry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29153559 /51, and contains the 1H,13C, and 1F NMR
spectra for all compounds 3a-3t.
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Abstract: A novel and controllable synthesis of thioacetals/thioketals and 3-sulfanyl ketones me-
diated by the reaction of aldehyde/acetone with thiols has been developed. In this protocol, 3-
sulfanyl ketones can be generated without the prior preparation of «, p-unsaturated carbonyl
compounds. A variety of thiols reacted with aldehyde/acetone and provided the corresponding
thioacetals/thioketals and p-sulfanyl ketones in good to excellent yields, respectively. This pro-
tocol is operationally simple, mild, and atom-economical, providing controllable access to thioac-
etals/thioketals and thia-Michael addition products under mild conditions.

Keywords: thia-Michael addition; thioacetal; thioketal; methanesulfonic anhydride; HySO4

1. Introduction

Sulfides have garnered significant attention from scientists due to their diverse chem-
ical valence states and the resulting rich chemical structure and stereo conformation.
Thioether, sulfoxide, sulfone, and sulfonamide are widely utilized pharmacophores in
commercially available pharmaceuticals [1]. Furthermore, owing to the high reactivity
of sulfides, they are frequently employed as a key intermediate in the total synthesis of
natural products [2] and various synthetic reactions [3]. Thioacetals and thioketals, among
a wide variety of sulfur-containing compounds, are commonly utilized in organic synthesis
as precursors for fluorination and alkylation and for olefin formation [4-6]. Furthermore,
thioketals exhibit diverse biological activities and are employed as drugs with numerous
pharmacological effects (Figure 1) [7-9]. The construction of C-S bonds through the Michael
addition reaction between mercaptan with «, 3-unsaturated carbonyl compounds holds
significant value in both chemistry and biology [10].

COOH
Bu S_S Bu  ‘Bu SRS Bu J/
" /. 0 L
HO OH HO 0 cooH > S/\)LN/
Bu Bu Bu Bu O I

Probucol Camobucol Verlukast

Figure 1. Examples of applications of thioacetals/thioketals.

Thioacetals and thioketals are typically synthesized through the condensation of car-
bonyl compounds with thiols or dithiols, employing protic acids, Lewis acids, or photocatal-
ysis (Figure 2a) [11-18]. The addition of thiol to aryl and alkyl substituted o, 3-unsaturated
carbonyl compounds represents the primary method for synthesizing 3-sulfanyl ketones
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(Figure 2b) [19-21]. Herein, we investigated a novel and controllable synthesis of thioac-
etals/thioketals and 3-sulfanyl ketones from acetone and thiols. With this synthetic method,
-sulfanyl ketones can be formed without preparation of «, 3-unsaturated carbonyl com-
pounds in advance (Figure 2c).

Previous work

% HX, BFsSMeor v _ RS SR RS SR

O
@ J_ o J_ +RsH

R""R2  R¥ °H R"R?  R¥ H

o] HCIO4-SIO,, [Re] or hv o
(b) \)J\ + RSH Rilin RS/\)J\

This work

S S Ms,0 SH o nso, Sw
“ R@ ~ @R 60°C R©/ * 60°C R@ o
o
O Wide RSH substrate scope
Q Condiltion controlled product generation b S S .
O Gram-scale synthesis and mild reaction conditions R©/ >< \GR
Figure 2. Overview of synthetic strategies to access thioacetals/thioketals and -sulfanyl ketones.

(a) The synthesis strategies of thioacetals and thioketals; (b) The synthesis strategies of -sulfanyl
ketones; (c) Our work.

2. Results and Discussion

The Michael addition reaction has been extensively studied due to its high application
value. In the previous investigations, we discovered that mercaptan can be transformed
into a thia-Michael addition product when mediated by p-toluene sulfonic anhydride in
acetone as the solvent. Thioketals and o, 3-unsaturated ketone were also monitored during
the reaction (Table 1). According to preliminary results, a multitude of experiments were
conducted to optimize the reaction conditions.

We initiated our investigation using 4-methylbenzenethiol (1a) and acetone (2) as the
model substrates and then allowed them to react at 60 °C for 24 h (Table 1, entry 1). Initially,
various additives (Ts,O, Ms,O, TsOH, HCl, and H,SO,) were added to the model reaction
to identify suitable accelerators. Both Ts,O and TsOH exhibited comparable facilitation
abilities in this reaction (Table 1, entries 1 and 3). Compared to Ts,O, the addition of TsOH
makes the reaction proceed more completely (Table 1, entry 3). There are no intermediates
remaining after 24 h. Notably, it was observed that the addition of Ms,O mainly generates
thioketal for an extended period, with only a limited number of products being generated
over time.

Inorganic acids can also promote the reaction, and sulfuric acid displayed superior
efficacy among them (Table 1, entry 5). This enhancement may be attributed to the high
concentration of hydrogen ions dissociated from sulfuric acid relative to other acids used
in equivalent amounts. Decreasing the amount of acetone provides better results (Table 1,
entry 6), whereas reducing the amount of HySOy is not conducive to the reaction (Table 1,
entries 7-8). Enhanced yields were achieved using DCE, DCM, and toluene as solvents
(Table 1, entries 6, 9-10), while polar solvents, such as water and acetonitrile, hindered
progress (Table 1, entries 11-14). Neither lower nor higher temperatures provided optimal
outcomes for this process (Table 1, entries 15-18). According to the above experiments, we
established optimal reaction conditions, which yielded product 4a with an isolated yield of
86% (Table 1, entry 6).

79



Molecules 2024, 29, 4785

Table 1. Optimization of reaction conditions .

Jeu Bt sp st iogs

1a
Entry Acid (eq.) (O]é) Solvent Yle(loi )obf 3a Yle(loi )0 Cf 4a
1 Ts,O (1) 60 Acetone 7 72
2 Ms,O (1) 60 Acetone 62 3
3 TsOH (1) 60 Acetone - 78
4 Hydrochloric acid (1) 60 Acetone 35 4
5 H,S04 (1) 60 Acetone - 88
6 H,S04 (1) 60 Acetone + DCE - 95 (86) 4
7 H,S04 (0.1) 60 Acetone + DCE - 21
8 H,S04 (0.5) 60 Acetone + DCE - 74
9 H,S04 (1) 60 Acetone + DCM - 91
10 H,SO4 (1) 60 Acetone + Toluene - 92
11 H,S04 (1) 60 Acetone + H,O - 1
12 H,S04 (1) 60 Acetone + CH3CN - 26
13 H,SO4 (1) 60 Acetone + EtOAc - 49
14 H,S04 (1) 60 Acetone + THF - 0
15 H,S04 (1) rt Acetone + DCE - 15
16 H,SO4 (1) 40 Acetone + DCE - 42
17 H,S04 (1) 50 Acetone + DCE - 78
18 H,S04 (1) 70 Acetone + DCE - 92

“ Reaction conditions. Entries 1-5: 1a (0.2 mmol), acid (0.2 mmol), acetone (2 mL), 60 °C, 24 h; entries 6-14: 1a
(0.2 mmol), H,SOy, acetone:solvent = 1:5 (2 mL), 60 °C, 24 h; b GC-MS; ¢ LC-MS; 4 isolated yield.

With the optimized reaction conditions established, we investigated the scope and
generality of thiol substrates in conjunction with ketones (Table 2). Overall, both electron-
donating and electron-withdrawing substituted substrates provided the desired products
in good yields. A diverse array of functional groups, such as Me, i-Pr, OMe, F, Cl, Br,
I, CF3, NO,, and COOMe, were compatible with this reaction and provided satisfactory
product yields (Table 2, 4a—4m). Substituted benzyl mercaptan and naphthalene-2-thiol
were well-tolerated under the optimal reaction conditions (Table 2, 4n—4q, 4t). However,
alkyl mercaptans and heteroaryl mercaptans afforded the corresponding products with
lower yields (Table 2, 4r—4s, 4u). Motivated by the above results, we further explored the
substrate scope of ketones, such as acetophenone and 2-pentanone. Unfortunately, no
desired products were obtained due to the steric hindrance.

In the process of condition optimization, it was observed that when methanesulfonic
anhydride was introduced into the reaction mixture, thioketal emerged as the main product,
rather than 3-sulfanyl ketone (Table 1, entry 2). The results prompted us to carry out an
extended study of the reaction with methanesulfonic anhydride as the accelerator (Table 3).
It was found that the thiophenol and benzyl mercaptan substituted with Me or OMe can
obtain the target substances in medium to good yields (Table 3, 3a-3g), while thiophenol
substituted with other substituents (NO,, Cl, Br, etc.) has a complex reaction system, and
very little thioketal is generated, which is difficult to be separated and purified.
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Table 2. H,SO; facilitated thia-Michael addition between thiols and ketones .

0o H,SO,4 s
RSH + ————— R 7<\H/
60°C, DCE o)
1 2 4

Sw Sw Sw Sw

4a 86% 4b 84% 4c 78% 4d 77%

ol
© Meo © cl ©
4e 89% 4f 87% 49 76% 4h 85%
Oy KXY oy KT
T KT O IS
Br I FsC O oN

4 79% 4j76% 4K 63%> 4168%°

Al NI M N
Meoj‘/©/ 5 ©/\S /@/\S /@/\S
o MeO
4m 69% 4n 85% 40 79% 4p 52%
X)Og
S S
S
/©/\ n-Bu/Sw O/ W w
of o) o o]
4q 85% 4r 36% 4s 41% 4t 85%

0 O 0
QI LTS hA@H 45/‘%
o o
4u 21% 4v 0%° 4w 0%°

% Reaction conditions: 1 (0.6 mmol), H,SO; (0.6 mmol), acetone:DCE = 1:5 (6 mL), 60 °C, 24 h, b 28 h; ¢ reaction
conditions: 1 (0.6 mmol), acetophenone/2-pentanone (0.9 mmol), HSO4 (0.6 mmol), DCE (6 mL), 60 °C, 24 h.
4 Isolated yield.

Table 3. Ms,O facilitated thioacetalization of acetone to thioacetals %

SH S.__S
X o Ms,0 = X
TS ENS QL Ny o o1
60°C, 24 h X =
1 3
S__S 3a R = p-Me 76 %7 3e R =H 66 %°
3¢ R = p-OMe 67 %° x 3g R = p-OMe 67%°
3d R = p-Pr 45 %?

% Reaction conditions: 1 (0.6 mmol), Ms;O (0.6 mmol), acetone: DCE = 1:5 (6 mL), 60 °C, 20 h; b isolated yield;
¢8h.

In addition to acetone, the applicability of aromatic aldehydes as substrates was also

discussed. The results indicated that the target product could be obtained with medium
to good yield from different substituted aromatic aldehydes (Table 4). Notably, even

81



Molecules 2024, 29, 4785

thiophenol substituted with NO; achieved a yield of approximately 70% for the target
material (Table 4, 3’0).

Table 4. Ms,O facilitated thioacetalization of aldehyde to thioacetals .
7
&y e E O
R + R
DCE 60°C, 24 h
1 2'
Tepa el Qf@ PN epae

3'a79% 3'b 75% 3'c 74% 3'd 77%
3'e 76% 3 74% 3'987% 3'h 88%
/©/5\©\ /©/S£ /jSO\ - : S[: S} : >
“
3 87% 3 86% 3'k 86%
r L Py TICL
20 OMe /Op Oﬁﬁk Br Br
o] o]
3'172% 3'm 75% 3'n 75%
S__S S__S
e Sy
N NO,
3'0 70% I'p 71% 3'q 73%

 Reaction conditions: 1 (0.6 mmol), 2’ (0.9 mmol), Ms,O (0.6 mmol), DCE (5 mL), 60 °C, 20 h; ! isolated yield.

During the reaction process, &, 3-unsaturated ketone and thioketal were identified
alongside substrates and desired products at various stages of the reaction. In order to
clarify the reaction mechanism, several control experiments were performed. In the absence
of 4-methylbenzenethiol, acetone was converted into «, 3-unsaturated ketone A under
current reaction conditions (Figure 3a). When A was introduced into the reaction instead
of acetone, a yield of 42% for product 4a was obtained (Figure 3b). Thioketal reacted with
acetone under the optimal conditions to produce 4a in a yield of 71% (Figure 3c). Addition-
ally, with thioketals 3a and A as substrates, only 35% of 4a was obtained (Figure 3d). The
reaction process was monitored via GC-MS, and it was surprising that at the initial stage
of the reaction, only thioketal was detected in the reaction mixture without a product or
o, p-unsaturated ketone A. The presence of compound A became evident in later stages.
Thus, we assume that the reaction (b), (c), and (d) exist at the same time, and reaction (c) is
the main process (Figure 3).
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0
0 H,SO4(1 eq.) )J\)\
(a) > =
)J\ DCE, 60°C

A 62 %
DCE 60°C
A 15 eq. 4a 42%
SXS . o _HoSO04(1 eq) 7(\(
DCE 60°C
3a 3eq 4a 71%
x PUE-— oS
DCE 60°C (@]
A 3eq. 4a 35%

Figure 3. Control experiments. (a) Acetone converted into o, 3-unsaturated ketone in the absence of
4-methylbenzenethiol under optimal reaction conditions; (b) 4-Methylbenzenethiol reacted with A to
form 4a; (c) Thioketal 3a reacted with 3 eq acetone under optimal reaction conditions to produce 4a
in a yield of 71%; (d) Thioketal 3a reacted with A to produce the target compound 4a with a yield
of 35%.

To demonstrate the practicality of the present method, a gram-scale experiment was
performed under the standard reaction conditions, yielding the product 4a in a 78% yield
(Figure 4). The gram-scale experiment shows the promising application of this method.

Standard s
/©/ )J\ conditions 7<\”/
0]
10 mmol (1.24 g) 78% yield (1.73 g)

Figure 4. Gram-scale experiment.

Based on the above results and the relevant literature [22-25], a possible mechanism
was proposed, as shown in Figure 5. The reaction products (4) are generated more rapidly
via Path A. Thioketals are formed uniformly and quickly, which is reversible under acidic
conditions, leading to positively charged sulfur species that subsequently react with ace-
tone to generate the final products. In contrast, only a minimal quantity of products is
produced through Path B. The «, 3-unsaturated ketone A was detected later using GC-MS.
The conversion of acetone into diketone alcohol occurs at a slow rate. Diacetone alcohol
eliminates one molecule of H,O and directly reacts with thiols to produce the final prod-
ucts. By comparing these two reaction mechanisms, we propose that 3-sulfanyl ketones
are preferentially formed through reactions with highly reactive charged sulfur species
(Path A).
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Figure 5. Plausible mechanism.

3. Materials and Methods

General Information.

All reactions were performed in a sealed tube with magnetic stirring. Unless otherwise
stated, all commercially available reagents (innochem, Beijing, China) were used without
further purification. Reactions were monitored using thin-layer chromatography (TLC),
GC/MS, or LC/MS. NMR spectra were recorded on Bruker DRX-300 instruments (Bruker,
Rheinstetten, Germany) and were calibrated using residual undeuterated solvent (CHCl3
at 7.26 ppm for 'H NMR and 77.16 ppm for 13C NMR). Data were reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet
of doublets, td = triplet of doublets, qd = quartet of doublets, m = multiplet), coupling
constants (Hz) and integration. High-resolution mass spectra (HRMS) were recorded on
an Agilent LC/Xevo G,-XS QTOF mass spectrometer (Agilent, Palo Alto, CA, USA) using
electrospray ionization time of flight reflectron experiments.

Experimental Procedure.

A 10 mL sealed tube was charged with substituted various thiols (0.6 mmol), methane-
sulfonic anhydride (Ms,O, 0.6 mmol), acetone (1 mL), and DCE (5 mL). The resulting
solution was stirred at 60 °C and monitored using TLC until the reaction was complete.
Saturated aqueous Na,COj solution (10 mL) and EtOAc (10 mL) was added to the mixture.
The layers were separated, and the aqueous layer was washed with EtOAc (2 x 10 mL).
Combined organic layers were washed with brine (10 mL), dried with anhydrous NaySOy,
filtered, and concentrated. The residue was purified using column chromatography on
silica gel, with hexane/ethyl acetate = 20:1 as the eluent to provide the desired products 3.

A 10 mL sealed tube was charged with thiols (0.6 mmol), methanesulfonic anhydride
(Ms;0, 0.6 mmol), 2’ (0.9 mmol), and DCE (5 mL). The resulting solution was stirred at
60 °C and monitored by TLC until the reaction was complete. Saturated aqueous Na,COs
solution (10 mL) and EtOAc (10 mL) were added to the resulting mixture. The layers were
separated, and the aqueous layer was washed with EtOAc (2 x 10 mL). The combined
organic layers were washed with brine (10 mL), dried with anhydrous NaySOy, filtered,
and concentrated. The residue was purified using column chromatography on silica gel,
with hexane/ethyl acetate = 50:1 as the eluent to provide the desired products 3.

A 10 mL sealed tube was charged with thiols (0.6 mmol), H,SO4 (0.6 mmol), acetone
(I mL), and DCE (5 mL). The resulting solution was stirred at 60 °C and monitored using
TLC until the reaction was complete. Saturated aqueous NapyCOj solution (10 mL) and
EtOAc (10 mL) were added to the resulting mixture. The layers were separated, and the
aqueous layer was washed with EtOAc (2 x 10 mL). The combined organic layers were
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washed with brine (10 mL), dried with anhydrous Na;SQy, filtered, and concentrated.
The residue was purified using column chromatography on silica gel, with hexane/ethyl
acetate = 10:1 as the eluent to provide the desired products 4.

The gram-scale experiment procedure. A 250 mL round-bottomed flask was charged
with 4-methylbenzenethiol (1a) (10 mmol,1.2432 g), H,SO4 (10 mmol), acetone (16 mL),
and DCE (84 mL). The bottle was sealed with a rubber stopper, and the resulting solution
was stirred at 60 °C for 24 h. Saturated aqueous NayCOj3 solution (100 mL) and EtOAc (100
mL) were added to the resulting mixture. The layers were separated, and the aqueous layer
was washed with EtOAc (2 x 100 mL). The combined organic layers were washed with
brine (100 mL), dried with anhydrous NaySOy, filtered, and concentrated. The residue was
purified using column chromatography on silica gel, with hexane/ethyl acetate = 10:1 as
the eluent to provide the desired product 4a. Characterization data for the products can be
found in the Supplementary Materials, along with references of previous reports which
provide support for the identities of the products [20,26-31].

Propane-2,2-diylbis(p-tolylsulfane) (3a) [26]. White solid, 76% yield. 'H NMR (300 MHz,
CDClg) 6 7.53 (d, ] = 8.0 Hz, 4H), 7.16 (d, ] = 7.9 Hz, 4H), 2.37 (s, 6H), 1.49 (s, 6H). 13C NMR
(75 MHz, CDCl3) 6 139.37, 137.16, 129.48, 128.92, 59.24, 30.77, 21.43.

Propane-2,2-diylbis(m-tolylsulfane) (3b). White solid, 61% yield. '"H NMR (300 MHz,
Chloroform-d) & 7.45 (d, ] = 6.5 Hz, 4H), 7.20 (dd, ] = 12.1, 7.7 Hz, 4H), 2.35 (s, 6H), 1.51
(s, 6H). 13C NMR (75 MHz, CDCl3) § 138.35, 137.66, 134.08, 132.14, 129.98, 128.44, 59.34,
30.99, 21.42.

Propane-2,2-diylbis((4-methoxyphenyl)sulfane) (3c). White solid, 67% yield. 'H NMR
(300 MHz, CDCl3) 6 7.54 (d, ] = 8.6 Hz, 4H), 6.88 (d, | = 8.7 Hz, 4H), 3.82 (s, 6H), 1.45 (s, 6H).
13C NMR (75 MHz, CDCl3) 6 = 160.62, 138.82, 123.28, 114.14, 59.33, 55.41, 30.52.

Propane-2,2-diylbis((4-isopropylphenyl)sulfane) (3d). White solid, 45% yield. H
NMR (300 MHz, Chloroform-d) 6 7.56 (d, | = 8.1 Hz, 4H), 7.21 (d, ] = 8.0 Hz, 4H), 2.93 (hept,
] = 6.8 Hz, 2H), 1.50 (s, 6H), 1.26 (d, ] = 6.9 Hz, 12H). 3C NMR (75 MHz, CDCl3) 5§ 150.14,
137.19,129.31, 126.83, 59.51, 34.02, 30.88, 24.01.

Propane-2,2-diylbis(benzylsulfane) (3e). White solid, 66% yield. 'H NMR (300 MHz,
CDCl3) 6 7.34 (dt, ] = 14.4, 7.5 Hz, 10H), 3.93 (s, 4H), 1.67 (s, 6H). '3C NMR (75 MHz, CDCl3)
5 137.87,129.23, 128.62, 127.03, 57.30, 35.19, 30.85.

Propane-2,2-diylbis((4-methylbenzyl)sulfane) (3f). White solid, 63% yield. 'H NMR
(300 MHz, CDCl3) 6 7.45 (d, ] = 7.8 Hz, 4H), 7.33 (d, ] = 7.8 Hz, 4H), 4.07 (s, 4H), 2.54 (s,
6H), 1.83 (s, 6H). 13C NMR (75 MHz, CDCl3) § 136.62, 134.72, 129.31, 129.12, 57.18, 34.86,
30.84, 21.22.

Propane-2,2-diylbis((4-methoxybenzyl)sulfane) (3g). White solid, 67% yield. 'H NMR
(300 MHz, CDC13) 4 7.37 (d, | = 8.5 Hz, 4H), 6.95 (d, ] = 8.5 Hz, 4H), 3.95 (s, 4H), 3.89 (s,
6H), 1.72 (s, 6H). 13C NMR (75 MHz, CDCl3) & 158.66, 130.28, 129.71, 114.03, 57.04, 55.36,
34.52, 30.85.

(Phenylmethylene)bis(p-tolylsulfane) (3’a) [27]. White solid, 79% yield. 'H NMR
(300 MHz, CDCls) 6 7.30 (dd, ] = 7.6, 1.7 Hz, 2H), 7.25-7.20 (m, 7H), 7.02 (d, ] = 7.9 Hz, 4H),
5.29 (s, 1H), 2.27 (s, 6H). '3C NMR (75 MHz, CDCl3) § 140.08, 138.13, 133.25, 130.95, 129.69,
128.48, 128.00, 61.39, 21.31.

(p-Tolylmethylene)bis(p-tolylsulfane) (3’b). White solid, 75% yield. 'H NMR
(300 MHz, CDCl3) 6 7.35 (d, ] = 8.0 Hz, 6H), 7.16 (t, ] = 7.9 Hz, 6H), 5.43 (s, 1H), 2.42
(s, 3H), 2.40 (s, 6H). 13C NMR (75 MHz, CDClz) & 137.91, 137.69, 137.14, 133.03, 131.29,
129.64,129.17, 127.85, 61.18, 21.25.

(m-Tolylmethylene)bis(p-tolylsulfane) (3’c). White solid, 74% yield. H NMR
(300 MHz, CDCl3) 6 7.29 (d, ] = 8.1 Hz, 4H), 7.22-7.15 (m, 3H), 7.09 (d, ] = 7.9 Hz, 5H),
5.34 (s, 1H), 2.34 (s, 9H). 3C NMR (75 MHz, CDCl3) § 139.91, 138.13, 138.00, 133.12, 131.10,
129.63, 128.78, 128.56, 128.31, 125.00, 61.44, 21.47, 21.26.

((3, 5-Dimethylphenyl)methylene)bis(p-tolylsulfane) (3’d). White solid, 77% yield. 'H
NMR (300 MHz, CDCl3) 6 7.29 (d, | = 8.1 Hz, 4H), 7.09 (d, | = 7.9 Hz, 4H), 7.00 (s, 2H), 6.91
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(s, 1H), 5.31 (s, 1H), 2.34 (s, 6H), 2.30 (s, 6H). 3C NMR (75 MHz, CDCl3) 5 139.82, 137.98,
137.92,133.05, 131.27, 129.73, 129.61, 125.64, 61.54, 21.35, 21.26.

((4-Ethylphenyl)methylene)bis(p-tolylsulfane) (3’e). White solid, 76% yield. 'H NMR
(300 MHz, CDCl3) 6 7.31 (t, ] =8.5 Hz, 6H), 7.12 (dd, ] = 16.9, 8.0 Hz, 6H), 5.38 (s, 1H), 2.66
(q,] =7.6 Hz, 2H), 2.34 (s, 6H), 1.26 (t, ] = 7.6 Hz, 3H). 1*C NMR (75 MHz, CDCl3) § 144.03,
137.89, 137.24, 132.99, 131.21, 129.62, 127.96, 127.84, 61.17, 28.61, 21.25, 15.52.

((4-Methoxyphenyl)methylene)bis(p-tolylsulfane) (3/f). White solid, 74% yield. 'H
NMR (300 MHz, CDCl3) 6 7.24-7.20 (m, 6H), 7.03 (d, ] = 7.9 Hz, 4H), 6.77 (d, ] = 8.7 Hz, 2H),
5.29 (s, 1H), 3.77 (s, 3H), 2.29 (s, 6H). 13C NMR (75 MHz, CDCl3) & 159.27, 138.02, 133.12,
132.14, 131.15, 129.68, 129.22, 113.84, 60.70, 55.40, 21.31.

((4-Fluorophenyl)methylene)bis(p-tolylsulfane) (3’g). White solid, 87% yield. 'H NMR
(300 MHz, CDCl3) 4 7.39-7.27 (m, 6H), 7.10 (d, | = 8.1 Hz, 4H), 6.97 (t, ] = 8.6 Hz, 2H), 5.38
(s, 1H), 2.35 (s, 6H). 13C NMR (75 MHz, CDCl3) & 162.20 (d, | = 246.9 Hz), 138.27, 135.85 (d,
J = 3.2 Hz), 133.35, 130.53, 129.72, 129.61, 115.28 (d, ] = 21.7 Hz), 60.42, 21.25. 19F NMR (282
MHz, CDCl3) 6 -113.83 (tt, ] = 8.6, 5.3 Hz).

((4-Chlorophenyl)methylene)bis(p-tolylsulfane) (3’h). White solid, 88% yield. 'H
NMR (300 MHz, CDCl3) 6 7.36-7.27 (m, 8H), 7.12 (d, | = 7.9 Hz, 4H), 5.37 (s, 1H), 2.37
(s, 6H). 3C NMR (75 MHz, CDCl3) § 138.62, 138.32, 133.51, 133.36, 130.38, 129.74, 129.31,
128.53, 60.51, 21.25.

((4-Bromophenyl)methylene)bis(p-tolylsulfane) (3’i). White solid, 87% yield. 'H NMR
(300 MHz, CDCl3) 6 7.41 (d, ] = 8.5 Hz, 2H), 7.26 (m, 6H), 7.10 (d, ] = 8.0 Hz, 4H), 5.33 (s,
1H), 2.35 (s, 6H). 3C NMR (75 MHz, CDCl3) § 139.14, 138.34, 133.36, 131.49, 130.34, 129.75,
129.63, 121.72, 60.58, 21.28.

4-(Bis(p-tolylthio)methyl)benzonitrile (3’j). White solid, 86% yield. 'H NMR
(300 MHz, CDCl3) 6 7.44 (d, ] = 8.2 Hz, 2H), 7.31 (d, | = 8.2 Hz, 2H), 7.18 (d, | = 8.0
Hz, 4H), 7.01 (d, ] = 8.0 Hz, 4H), 5.27 (s, 1H), 2.25 (s, 6H). 13C NMR (75 MHz, CDCl3) &
145.29, 138.64, 133.54, 132.02, 129.74, 129.50, 128.56, 118.57, 111.30, 60.55, 21.15.

4-(Bis(p-tolylthio)methyl)benzaldehyde (3'k). White solid, 86% yield. 'H NMR
(300 MHz, CDCl3) 5 9.70 (s, 1H), 7.51 (d, ] = 8.1 Hz, 2H), 7.21 (d, ] = 8.1 Hz, 2H), 7.01
(d, ] = 8.0 Hz, 4H), 6.81 (d, ] = 7.9 Hz, 4H), 5.12 (s, 1H), 2.06 (s, 6H). 3C NMR (75 MHz,
CDCl3) 6 191.66, 146.82, 138.53, 135.66, 133.51, 129.87, 129.74, 128.54, 60.90, 21.19.

((4-Chlorophenyl)methylene)bis((4-methoxyphenyl)sulfane) (3'1). White solid, 72%
yield. 'TH NMR (300 MHz, CDCl3) 6 7.73-7.66 (m, 4H), 7.65-7.53 (m, 4H), 7.23-7.17 (m, 4H),
5.54 (s, 1H), 4.19 (s, 6H). 13C NMR (75 MHz, CDCl3) 5 160.16, 138.83, 136.15, 133.45, 129.34,
128.50, 124.33, 114.50, 62.11, 55.39.

Dimethyl 4,4’-((phenylmethylene)bis(sulfanediyl))dibenzoate (3'm). White solid, 75%
yield. 'H NMR (300 MHz, CDCl3) § 7.89 (d, ] = 8.5 Hz, 4H), 7.46 (dd, ] = 7.7, 1.5 Hz, 2H),
7.35(d, ] = 8.5 Hz, 4H), 7.29 (d, ] = 7.4 Hz, 2H), 5.69 (s, 1H), 3.87 (s, 6H). 13C NMR (75 MHz,
CDCl3) 4 166.49, 140.94, 138.13, 130.01, 129.97, 128.85, 128.71, 128.66, 127.93, 57.59, 52.18.

4-(Bis((4-bromophenyl)thio)methyl)benzonitrile (3'n). White solid, 75% yield. H
NMR (300 MHz, CDCl3) 6 7.55 (d, ] = 8.3 Hz, 2H), 7.38 (d, ] = 8.4 Hz, 6H), 7.17 (dd, ] = 8.8,
2.1 Hz, 4H), 5.33 (s, 1H). 13C NMR (75 MHz, CDCl;) § 144.25, 134.79, 132.43, 132.30, 131.97,
128.59, 123.20, 118.39, 112.07, 60.03.

(p-tolylmethylene)bis((4-nitrophenyl)sulfane) (3’0). White solid, 70% yield. H NMR
(300 MHz, CDCl3) 6 8.08 (d, ] = 8.8 Hz, 4H), 7.42 (dd, ] = 8.3, 6.5 Hz, 6H), 7.17 (d, ] =7.9 Hz,
2H), 5.80 (s, 1H), 2.34 (s, 3H). 13C NMR (75 MHz, CDCl3) 5 146.34, 144.20, 139.42, 133.67,
129.97, 129.36, 127.88, 124.05, 56.18, 21.29.

(p-tolylmethylene)bis(naphthalen-2-ylsulfane) (3'p). White solid, 71% yield. 'H NMR
(300 MHz, CDCl3) 4 7.86 (s, 2H), 7.78 (dd, | = 5.8, 3.5 Hz, 2H), 7.74-7.65 (m, 4H), 7.52-7.34
(m, 8H), 7.12 (d, ] = 7.9 Hz, 2H), 5.69 (s, 1H), 2.34 (s, 3H). 13C NMR (75 MHz, CDCl3) &
138.11, 136.69, 133.61, 132.62, 132.25, 131.51, 129.57, 129.42, 128.44, 127.90, 127.77, 127.69,
126.54,126.43, 60.34, 21.31, 1.16.

(Phenylmethylene)bis(benzylsulfane) (3/q) [28]. White solid, 73% yield. 'H NMR
(300 MHz, CDCl3) 4 7.32-7.10 (m, 11H), 7.09-7.00 (m, 4H), 4.38 (s, 1H), 3.68 (d, ] = 13.4 Hz,
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2H), 3.45 (d, ] = 13.4 Hz, 2H). 13C NMR (75 MHz, CDCl3) § 139.64, 137.81, 129.05, 128.68,
128.57,128.09, 128.03, 127.07, 50.96, 36.61.

4-Methyl-4-(p-tolylthio)pentan-2-one (4a) [20]. Oil liquid, 86% yield. 'H NMR (300 MHz,
CDCls) 6 7.39 (d, ] = 8.0 Hz, 2H), 7.14 (d, ] = 7.9 Hz, 2H), 2.64 (s, 2H), 2.34 (s, 3H), 2.13
(s, 3H), 1.36 (s, 6H). 13C NMR (75 MHz, CDCl3) & 206.75, 139.31, 137.62, 129.54, 127.92,
54.41,46.91, 32.26, 28.13, 21.30. HRMS (ESI-MS) [M + Na]*: found 245.0985; calculated for
C13H18NaOS+: 245.0971.

4-Methyl-4-(m-tolylthio)pentan-2-one (4b) [29]. Oil liquid, 84% yield. 'H NMR
(300 MHz, CDCl3) & 7.38-7.26 (m, 2H), 7.20 (m, | = 17.9, 7.3 Hz, 2H), 2.65 (s, 2H), 2.34
(s, 3H), 2.13 (s, 3H), 1.38 (s, 6H). 13C NMR (75 MHz, CDCl3) 5 206.66, 138.39, 138.22, 134.61,
131.12,129.91, 128.47, 54.43, 46.94, 32.21, 28.23, 21.27. HRMS (ESI-MS) [M + Na]*: found
245.0982; calculated for C13H1gNaOS™: 245.0971.

4-Methyl-4-(o-tolylthio)pentan-2-one (4c) [29]. Oil liquid, 78% yield. "H NMR (300 MHz,
CDCl3) 6 7.54 (d, ] = 7.6 Hz, 1H), 7.34-7.25 (m, 2H), 7.23-7.13 (m, 1H), 2.75 (s, 2H), 2.54 (s,
3H), 2.17 (s, 3H), 1.42 (s, 6H). 13C NMR (75 MHz, CDCI3) § 206.66, 144.03, 138.99, 130.99,
130.66, 129.32, 125.97, 54.63, 48.56, 32.27, 28.22, 21.87. HRMS (ESI-MS) [M + Na]*: found
245.0984; calculated for C13HgNaOS™: 245.0971.

4-((4-Isopropylphenyl)thio)-4-methylpentan-2-one (4d). Oil liquid, 77% yield. 'H
NMR (300 MHz, CDCl3) 6 7.42 (d, ] = 8.1 Hz, 2H), 7.18 (d, ] = 8.1 Hz, 2H), 2.89 (dt, ] = 13.8,
6.9 Hz, 1H), 2.65 (s, 2H), 2.13 (s, 3H), 1.36 (s, 6H), 1.23 (d, ] = 6.9 Hz, 6H). 13C NMR (75 MHz,
CDCls) 6 206.81, 150.07, 137.69, 128.23, 126.87, 54.45, 46.93, 33.86, 32.26, 28.15, 23.90. HRMS
(ESI-MS) [M + Na]*: found 273.1290; calculated for C15H,,NaOS*: 273.1284.

4-((2,4-Dimethylphenyl)thio)-4-methylpentan-2-one (4e). Oil liquid, 89% yield. 'H
NMR (300 MHz, CDCl3) 6 7.39 (d, | = 7.8 Hz, 1H), 7.11 (s, 1H), 6.97 (d, ] = 7.7 Hz, 1H), 2.71
(s, 2H), 2.47 (s, 3H), 2.32 (s, 3H), 2.15 (s, 3H), 1.37 (s, 6H). '3C NMR (75 MHz, CDCl3) &
206.94, 143.90, 139.50, 139.06, 131.58, 127.59, 126.92, 54.73, 48.46, 32.37, 28.21, 21.84, 21.25.
HRMS (ESI-MS) [M + Na]*: found 259.1136; calculated for C14H,oNaOS*: 259.1127.

4-((4-Methoxyphenyl)thio)-4-methylpentan-2-one (4f) [20]. Oil liquid, 87% yield. 'H
NMR (300 MHz, CDCl3) & 7.38 (d, ] = 8.6 Hz, 2H), 6.82 (d, | = 8.6 Hz, 2H), 3.75 (s, 3H),
2.59 (s, 2H), 2.09 (s,3H), 1.31 (s, 6H). 13C NMR (75 MHz, CDCl3) & 206.71, 160.47, 139.01,
122.19, 114.15, 55.24, 54.22, 46.74, 32.16, 27.94. HRMS (ESI-MS) [M + Na]*: found 261.0920;
calculated for C13H;3NaO,S5": 261.0920.

4-((4-Fluorophenyl)thio)-4-methylpentan-2-one (4g) [30]. Oil liquid, 76% yield. 'H
NMR (300 MHz, CDCl3) 6 7.67-7.33 (m, 2H), 7.01 (t, ] = 8.5 Hz, 2H), 2.62 (s, 2H), 2.12 (s,
3H), 1.34 (s, 6H). 13C NMR (75 MHz, CDCl3) & 206.53 (s), 163.68 (d, ] = 249.7 Hz), 139.63 (d,
J=84Hz),126.94 (d, ] =3.5Hz), 115.93 (d, ] = 21.6 Hz), 54.39,47.20 (d, ] = 1.3 Hz), 32.28,
28.18. 9F NMR (282 MHz, Chloroform-d) § -111.91 (tt, | = 8.6, 5.5 Hz). HRMS (ESI-MS) [M
+ Na]*: found 249.0726;calculated for C1,H15FNaOS*: 249.0720.

4-((4-Chlorophenyl)thio)-4-methylpentan-2-one (4h) [20]. Oil liquid, 85% yield. 'H
NMR (300 MHz, CDCl3) 6 7.43 (d, ] = 8.4 Hz, 2H), 7.30 (d, ] = 8.4 Hz, 2H), 2.63 (s, 2H),
2.12 (s, 3H), 1.36 (s, 6H). '3C NMR (75 MHz, CDCl3) § 206.35, 138.89, 135.74, 130.09, 128.99,
54.39, 47.45, 32.23, 28.24. HRMS (ESI-MS) [M + Na]*: found 265.0429; calculated for
C12H15C1NaOS+: 265.0424.

4-((4-Bromophenyl)thio)-4-methylpentan-2-one (4i) [20]. Oil liquid, 79% yield. 'H
NMR (300 MHz, CDCl3) 6 7.45 (d, ] = 8.4 Hz, 2H), 7.35 (d, ] = 8.4 Hz, 2H), 2.62 (s, 2H),
2.11 (s, 3H), 1.35 (s, 6H). '3C NMR (75 MHz, CDCl3) § 206.32, 139.13, 131.93, 130.63, 124.02,
54.32, 47.40, 32.21, 28.21. HRMS (ESI-MS) [M + Na]*: found 308.9923; calculated for
C12H;5BrNaOS*: 308.9919.

4-((4-Todophenyl)thio)-4-methylpentan-2-one (4j). Oil liquid, 76% yield. 'H NMR
(300 MHz, CDCl3) 6 7.64 (d, ] = 8.2 Hz, 2H), 7.21 (d, ] = 8.2 Hz, 2H), 2.62 (s, 2H), 2.11
(s, 3H), 1.34 (s, 6H). 13C NMR (75 MHz, CDCl3) § 206.26, 139.25, 137.85, 131.32, 95.94,
54.27, 47.38, 32.20, 28.18. HRMS (ESI-MS) [M + Na]*: found 356.9786; calculated for
C12H15INaOS+: 356.9780.
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4-Methyl-4-((4-(trifluoromethyl)phenyl)thio)pentan-2-one (4k). Oil liquid, 63% yield.
'H NMR (300 MHz, CDCl3) § 7.62 (q, | = 8.4 Hz, 4H), 2.68 (s, 2H), 2.15 (s, 3H), 1.40 (s,
6H). 13C NMR (75 MHz, CDCly) & 206.28, 137.77, 136.40, 131.19 (q, | = 32.7 Hz), 125.59 (q,
] = 3.6 Hz). 124.05 (q, ] = 270.75 Hz), 54.46, 48.00, 32.25, 28.42. 'F NMR (282 MHz, CDCl3)
b= —62.74. HRMS (ESI-MS) [M + Na]*: found 299.0678; calculated for C13H;5F3NaOS™:
299.0688.

4-Methyl-4-((4-nitrophenyl)thio)pentan-2-one (41) [20]. Oil liquid, 68% yield. 'H NMR
(300 MHz, CDCl3) 5 8.18 (d, | = 8.7 Hz, 2H), 7.68 (d, | = 8.7 Hz, 2H), 2.71 (s,2H), 2.15 (s, 3H),
1.44 (s, 6H). 13C NMR (75 MHz, CDCl3) & 205.88, 148.19, 140.87, 137.59, 123.61, 54.47, 48.80,
32.21,28.61. HRMS (ESI-MS) [M + Na]*: found 276.0668; calculated for C1,H;5NNaO3S*:
276.0665.

Methyl 4-((2-methyl-4-oxopentan-2-yl)thio)benzoate (4m). Oil liquid, 69% yield. H
NMR (300 MHz, CDCl3) $ 7.92 (d, ] = 8.1 Hz, 2H), 7.52 (d, | = 8.1 Hz, 2H), 3.84 (s, 3H), 2.61
(s, 2H), 2.06 (s, 3H), 1.33 (s, 6H). 13C NMR (75 MHz, CDCl3) § 206.10, 166.44, 137.51, 137.08,
130.45, 129.56, 54.27, 52.22, 47.84, 32.06, 28.29. HRMS (ESI-MS) [M + Na]*: found 289.0872;
calculated for C14H1g8NaO3S*: 289.0869.

4-(Benzylthio)-4-methylpentan-2-one (4n). Oil liquid, 85% yield. 'H NMR (300 MHz,
CDCl3) & 7.46-7.27 (m, 5H), 3.84 (s, 2H), 2.74 (s, 2H), 2.19 (s, 3H), 1.52 (s, 6H). 13C NMR (75
MHz, CDCl3) 6 206.76, 137.99, 129.03, 128.57, 127.00, 54.56, 44.32, 33.32, 32.28, 28.49. HRMS
(ESI-MS) [M + Na]*: found 245.0978; calculated for C13HgNaOS*: 245.0971.

4-Methyl-4-((4-methylbenzyl)thio)pentan-2-one (40). Oil liquid, 79% yield. 'H NMR
(300 MHz, CDCl3) 6 7.22 (d, ] =7.9 Hz, 2H), 7.10 (d, ] = 7.8 Hz, 2H), 3.75 (s, 2H), 2.69 (s, 2H),
2.31 (s, 3H), 2.14 (s, 3H), 1.46 (s, 6H). 1>*C NMR (75 MHz, CDCls) & 206.67, 136.47, 134.72,
129.17, 128.83, 54.47, 44.16, 32.89, 32.20, 28.42, 21.04. HRMS (ESI-MS) [M + Na]*: found
259.1130; calculated for C14HyoNaOS™*: 259.1127.

4-((4-Methoxybenzyl)thio)-4-methylpentan-2-one (4p) [31]. Oil liquid, 52% yield. 'H
NMR (300 MHz, CDCl3) 6 7.33 (d, | = 8.6 Hz, 2H), 6.91 (d, ] = 8.6 Hz, 2H), 3.86 (s, 3H), 3.82
(s, 2H), 2.77 (s, 2H), 2.24 (s, 3H), 1.53 (s, 6H). 3C NMR (75 MHz, CDCl3) 5 206.95, 158.66,
130.14, 129.79, 114.04, 55.35, 54.68, 44.30, 32.70, 32.40, 28.56. HRMS (ESI-MS) [M + Na]*:
found 275.0924; calculated for C14H90NaO,S*: 275.1076.

4-((4-Chlorobenzyl)thio)-4-methylpentan-2-one (4q) [31]. Oil liquid, 85% yield. 'H
NMR (300 MHz, CDCl3) 6 7.29 (s,4H), 3.77 (s, 2H), 2.72 (s, 2H), 2.18 (s, 3H), 1.47 (s, 6H).
13C NMR (75 MHz, CDCl3) § 206.52, 136.56, 132.65, 130.35, 128.63, 54.54, 44.43, 32.58,
32.24,28.48. HRMS (ESI-MS) [M + Na]*: found 279.0586; calculated for C13H;7CINaOS™*:
279.0581.

4-(Butylthio)-4-methylpentan-2-one (4r). Oil liquid, 36% yield. '"H NMR (300 MHz,
CDCl3) 6 2.66 (s, 2H), 2.51 (t, ] = 7.3 Hz, 2H), 2.16 (s, 3H), 1.59-1.45 (m, 2H), 1.45-1.29
(m, 8H), 0.89 (t, ] = 7.2 Hz, 3H). 3C NMR (75 MHz, CDCl3) & 207.10, 54.73, 43.35, 32.46,
31.64,28.57,27.86,22.43,13.81. HRMS (ESI-MS) [M + Na]*: found 211.1126; calculated for
C10H20Na08+: 211.1127.

4-(Cyclohexylthio)-4-methylpentan-2-one (4s). Oil liquid, 41% yield. "H NMR (300 MHz,
CDCly) 6§ 2.67 (s, 2H), 2.66-2.57 (m, 1H), 2.15 (s, 3H), 1.91 (d, ] = 9.0 Hz, 2H), 1.73-1.64
(m, 2H), 1.56-1.49 (m, 1H), 1.39 (s, 6H), 1.35-1.09 (m, 5H)."*C NMR (75 MHz, CDCl3) &
207.05, 55.50, 44.70, 41.22, 36.24, 32.54, 29.07, 26.44, 25.52. HRMS (ESI-MS) [M + Na]*: found
237.1288; calculated for C1,Hpp,NaOS™: 237.1284.

4-Methyl-4-(naphthalen-2-ylthio)pentan-2-one (4t) [29]. Oil liquid, 85% yield. 'H
NMR (300 MHz, CDCl3) 6 8.08 (s, 1H), 7.89-7.73 (m, 3H), 7.59 (dd, | = 8.4, 1.4 Hz, 1H),
7.51 (dd, ] = 6.2, 3.3 Hz, 2H), 2.72 (s, 2H), 2.14 (s, 3H), 1.46 (s, 6H). 1>C NMR (75 MHz,
CDCl3) 4 206.52, 137.45, 134.17, 133.32, 133.16, 128.85, 128.05, 127.91, 127.61, 126.94, 126.43,
54.38, 47.51, 32.16, 28.30. HRMS (ESI-MS) [M + Na]*: found 281.0980; calculated for
C16H18NaOS+: 281.0971.

4-Methyl-4-(thiophen-2-ylthio)pentan-2-one (4u). Oil liquid, 21% yield. 'H NMR
(300 MHz, CDCl3) 6 7.45 (dd, ] =54, 0.9 Hz, 1H), 7.17 (dd, | = 3.4, 0.9 Hz, 1H), 7.06 (dd,
] =5.3, 3.6 Hz, 1H), 2.70 (s, 2H), 2.16 (s, 3H), 1.41 (s, 6H). 3C NMR (75 MHz, CDCl3) &

88



Molecules 2024, 29, 4785

206.68, 137.63, 131.52, 130.63, 127.87, 54.04, 48.05, 32.30, 27.8 HRMS (ESI-MS) [M + Na]*:
found 237.0383; calculated for C19H14NaOS,*: 237.0378.

4. Conclusions

In summary, the synthesis methods of thioacetal, thioacetone, and 4-methyl-4-
(arylsulfide)pentane-2-ketone promoted by methanesulfonic anhydride/sulfuric acid were
discussed under mild conditions. In this paper, the mechanism of reaction is explored, and it
is suggested that two reaction processes may have occurred simultaneously. Notably, using
this synthetic approach eliminates the need for the prior preparation of , 3-unsaturated
ketones. This strategy is characterized as simple and efficient while demonstrating good
substrate compatibility. It is an effective method to prepare thioacetals/thioketals and
thio-Michael addition products.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390 /molecules29204785/s1: NMR spectra of products.
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Abstract: Compounds possessing a thioamide function play a crucial role in organic synthesis, serving
as key building blocks. They are also important in the pharmaceutical chemistry and drug design,
owing to their ability to mimic the amide function in biomolecules while retaining or developing
biological activity. From the synthetic viewpoint, several methods have been developed for preparing
thioamides using sulfuration agents. The purpose of this review is to give an update of the last
decade of contributions focusing on the formation of thioamides employing different sulfur sources.
When appropriate, the cleanness and practicality of the new methods are highlighted.

Keywords: thioamide; sulfur; sulfuration agent

1. Introduction

The thioamide function is one of the vital structural components present in many natural
products and pharmaceutical molecules [1-3], such as prothionamide [4], closthioamide [5],
cycasthioamide [6], 6-thioguanine [7], and 4-thiouridine [8] (Figure 1). Naturally occurring
thioamide-containing peptides being important biomolecules, the chemical pathways en-
abling the biosynthesis of thiopeptides in different organisms have been investigated [9].
The thioamide functional group, as a bioisostere of the amide bond, has been associated
with enhanced chemical stabilities and improved biological activities of pharmaceuticals
compared with the corresponding molecule-bearing amide functions [10]. Rationales for
these effects have been proposed, discussing notably the hydrogen bonding strength and the
structural impact of thioamide backbone modifications [11,12].

S NH2 S S S S
X N N/\/\ N N
| H H H H 9
~
N HO 2 OH
Prothionamide Closthioamide
COOH s s. N

IS (0]
OH \]4
N%H/\W N\> LN ©

NH M

2 O -nll\
HZNJ\\N N Le OH

o) H HO

OH

Cycasthioamide 6-Thioguanin 4-Thiouridine

Figure 1. Representative pharmaceuticals or natural products containing a thioamide scaffold.
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The usefulness of thioamide-containing molecules relies also on their ability to serve
as reactive intermediates towards various heterocyclic compounds by reaction with di-
electrophilic agents [13]. Owing to different reactive centers in the thioamide function,
their heterocyclization reaction may lead to the formation of thiazoles [14], thiazolines [15],
thiazines [16], and benzothiazoles [17,18].

Thioamide compounds have therefore attracted considerable attention from organic
chemists, and recent years have been rich in reported novel protocols looking for better
practicality, efficiency, or environmentally friendliness. A wide range of starting materi-
als have been employed to construct thioamides, including aldehydes, alkynes, alkenes,
amines, benzyl halides, phenyl acetonitrile, cinnamic acids, x-azido ketones, and several
others, as depicted in Figure 2.

Figure 2. Applicable substrates to synthesize thioamides.

The purpose of this review is to give an overview of the synthetic routes towards
thioamides published in the last decade or so, giving to organic chemists a practical tool for
their design and their investigation. For Lawesson’s reagent or P45 as thionation methods,
readers can rely on two comprehensive reviews [19,20]. This account will focus mainly on all
other methods employing sulfuration agents including elemental sulfur and inorganic sulfide,
which often offer several advantages over the classical Lawesson’s reagent- or P4S;p-mediated
reactions in terms of practicality, selectivity, toxicity, and severe reaction conditions.

2. Elemental Sulfur as a Sulfuration Agent

Elemental sulfur (Sg) has been extensively utilized for O-S exchange reactions or C-S
bond formations, which can play the roles of reagent, oxidant, reducing agent, or catalyst
depending on the specific process. The typical Willgerodt-Kindler reaction involves the
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oxidation/rearrangement of a ketone by using elemental sulfur and primary or secondary
amines, leading to the thioamide linkage. When aldehydes are used as the carbonyl
substrate instead of ketones, the reaction does not involve the rearrangement step (Figure 3).

R4
"
R2
Ss
HI}I,R1 R1\N_S s R1\N—S -s
o R, Risy -2 s R RY Ri
J : — |
——
Ar . _ /& A /\/N\R Ar N\R
Enamine formation Enamine rearrangement r 2 Oxidation 2
S
-R4
HN
) R1\ e & R4
(0] R, R1\+/R2 /N Sn=S l
)J\ {\l RS Ar No
Ar H . . )\H \n/ Re
Imine formation Ar Oxidation IS

Figure 3. The mechanism of the Willgerodt-Kindler reaction starting from ketone or aldehyde.

Though a comprehensive review on the Willgerodt-Kindler reaction was reported in
2013 [21], important updates over the last decade on this reaction and their variations are
worth mentioning. Indeed, the classical reaction conditions, often performed in organic
solvents and at high temperature, can however exhibit moderate yields and lead to complex
mixtures. In order to be efficiently applied to the synthesis of complex compounds of phar-
maceutical interest, the challenge for this reaction is therefore to find practical conditions
that allow reaching higher yields, while exhibiting high functional group tolerance.

2.1. Characteristics and Practical Issues

Elemental sulfur is nontoxic to humans, naturally abundant, easily available with
high purity, stable under ambient conditions, insoluble in water, and easy to handle. It is
therefore a reagent of choice which provides a pathway to develop new protocols in the
synthesis of thioamide. The reactivity of elemental sulfur relies normally on the additional
presence of a chemical activating agent [22]. Reactions using elemental sulfur generally
require very easy and classical work-up, involving washing the crude organic layer with
water or a NaHCOj solution, followed by column chromatography purification.

2.2. Thionylation of Aldehydes, Ketones, and Acids

A three-component synthesis of aromatic thioamides 3 was established in a one-pot pro-
cedure, which involved substituted benzaldehydes 1, primary amines 2, and elemental sulfur
(Scheme 1) [23]. The reaction is performed under catalyst-free and no-organic-solvent conditions,
providing thus a range of desired aryl-substituted thioamides in a very practical way:.

- CHO > caui 2
R—— +  RNH, + Se equiv.- KoCOs N NHR
¥ —————> R~
H,0 P
(1.5 equiv.) (1 equiv.) (3equiv.) 100 °C,24h 3
1 2
17 examples

54%~88% yield
R=H, p-Cl, p-OCHs;, p-CH;3, m-OCH3;, m-CHj;, p-OCHs;, p,m-dimethoxy
R'= H, Ph, p-CI-Ph, p-OCH3-Ph, p-CHs-Ph, m-OCH3-Ph, p-Br-Ph, p-F-Ph, p-Et-Ph, Et, Pr

Scheme 1. K,CO3;-mediated synthesis of aromatic thioamides in water by Zhou and co-workers [23].
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DMF can act as both solvent and reactant in this transformation, as exemplified for the
Willgerodt-Kindler reaction involving either variously substituted benzaldehydes or ace-
tophenones 4 (Scheme 2). In this conversion, the key intermediate dimethylamine originated
from a base-mediated cleavage of DMF. Compared with the established methods, this route
provides a straightforward and rapid protocol to access N,N-dimethyl thioamides 6 [24].

O
O 0.2 equiv. DBU |
T i M — N N
R—— + H N + S R—: n
n=0, 1,2 | 120 'C,4h P S
(1 mmol) (2 ml) (1.2 equiv.)
4 5 6

14 examples

aromatic aldehydes: 77%~89% yield
R=H, p-Cl, p-F, p-OCHs;, p-CH3, m-CH3, 0-CH3, p-OCH3-m-OH, m-OCHs;-p-OH

aliphatic aldehydes:

4= putyraldehyde, pentanal

Scheme 2. DBU-mediated synthesis of N,N-dimethyl thioamides in DMF by Liu and co-workers [24].

This protocol is extendable to other amides. For example, Yuan’s group [25] recently re-
ported a thioamidation reaction using various amides as amine sources in water (Scheme 3).
Screening different organic bases, inorganic bases, or their mixtures, they found the combi-
nation of sodium carbonate and triethylamine afforded the desired aryl thioamides 9 in
a high yield. Their study of the scope of formamides and aryl aldehydes demonstrated
that the method was compatible with many functional groups, including halides and het-
eroaromatic rings. Interestingly, this protocol avoided the use of an excess of N-substituted
formamide or acetamide.

i S
o 3 equiv. Na,COg
) .
)j\ + R3)J\N,R1 + Sy 3equiv.TEA Ar)I\N/R1
Ar H | H,0 |
Rz 120 °C, 12 h Re

(1 equiv.) (5 equiv.) (1 equiv.) ’ 9

! 8_ 46 examples

R4, Ro=Aryl, Alkyl

0/ ~ 0, H
Ry=H, Me 25%~97% yield

Ar= Ph, p-CI-Ph, p-OCH3-Ph, p-CH3-Ph, m-CH3-Ph, p-OH-Ph, p-iPr-Ph, Thienyl, Naphthyl,
Pyridyl, Pyrrolyl, Imidazolyl

Scheme 3. Mixed bases promoted synthesis of aryl thioamides in water by Yuan and co-workers [25].

A catalyst-free and solvent-free Willgerodt-Kindler reaction was developed by Dalal’s
team to prepare aryl thioamides 11 in good yields (Scheme 4). The reaction was performed
at 100 °C using cyclic secondary amines including pyrrolidine, piperidine, and morpho-
line [26]. Some acyclic amines were also explored, such as diethylamine, which led to
the corresponding aryl thioamides in good-to-excellent yields at room temperature. This
method is remarkable for its clean reaction conditions which avoid the use of organic
solvent and catalyst.

A catalyst-free protocol using alkyl or aryl aldehydes toward thioamides 14 was re-
ported by Gururaja’s group (Scheme 5) [27]. The reaction can proceed in water with small
amounts of THE in the absence of any catalysts, additives, or metal oxides, and with ex-
cellent functional group compatibility. Control experiments revealed that water plays an
essential role by bringing the reactive substrates into the aqueous medium where the inter-
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mediate polysulfide can form. Several examples of biologically active molecules such as
thionicotinamide exhibiting anticancer activity have been obtained using this mild protocol.

S
O .R 100 RT
Ji e R NG
Ar H Ry I,
2 R2-
(1 equiv.) (1 equiv.) (2 equiv.)
7 10 1

51 examples
70%~98% vyield
Ar= Ph, p-Cl-Ph, p-OCH3-Ph, p-CH3-Ph, m-CHz-Ph, p,m-dimethoxy-Ph,
p-Br-Ph, p-CN-Ph, p-NO,-Ph, m-NO,-Ph, p-(dimethyl amino)-Ph, Thienyl
Amine= morpholine, piperidine, pyrrolidine, 1-phenylpiperazine, 1-ethylpiperazine,
1-methylpiperazine, diethylamine, benzylamine,butylamine.

Scheme 4. Catalyst- and solvent-free synthesis of aryl thioamides by Dalal and co-workers [26].

0 THF, H,0 3
L, o™ s B
R™ TH ' rt R™ N
Ry I
(1 equiv.) (5 equiv.) (2 equiv.) Rz
(40 wt% in water)
12 13 14

42 examples
44%~97% yield

R= Ph, p-CI-Ph, p-F-Ph, m-CI-Ph, m-F-Ph, o-F-Ph, p-OCH3-Ph, p-CH3-Ph,
p-OH-Ph, 0-OH-Ph, o,m-dimethoxy-Ph, trimethoxy-Ph, p-Br-Ph, p-NO,-Ph,
p-(dimethyl amino)-Ph, p-(diethyl amino)-Ph, Thienyl, Naphthyl, Pyridyl, Furyl,
Pyrrolyl, Pyrenyl, Pentyl, Hexyl, Cyclohexyl.

Amine= methylamine, dimethylamine, ethylamine, morpholine, thiomorpholine,

piperidine, pyrrolidine, diethylamine, propylamine, ammonium hydroxide.

Scheme 5. Water-mediated synthesis of aryl/alkyl thioamides by Gururaja and co-workers [27].

The formation of thioamide peptides 17 by reaction of amino acids with amino alde-
hydes in the presence of Sg and sodium sulfide has been systematically explored by Jiang
and co-workers (Scheme 6) [28]. The presence of copper II chloride appeared essential
to the reaction by forming a N-Cu-N chelate fixing the imine, thus preventing racemiza-
tion. A family of thioamide-containing analogs of dipeptides were prepared with high
enantiomeric purity. A 15 mol% amount of CuCl, was identified as the optimal catalyst
amount to provide the desired products in good yields and with high enantioselectivity.
This method provides a direct strategy for the synthesis of thioamide-containing peptides
with chirality retention, and was efficiently applied to targets of pharmaceutical interest.
Here, the presence of the catalyst is essential for preserving the chirality of the substrate
into the product.

Decarboxylative reactions being a powerful strategy to construct the C-N bond, Singh’s
group [29] reported a novel route towards benzothioamides 19 or 2-phenylethanethioamides
21 (Scheme 7). The reaction of aryl acetic or cinnamic acids with amines and elemental
sulfur led to the formation of thioamides in the absence of any catalyst or solvent. The struc-
tural scope included various substituted arylacetic and cinnamic acids found to efficiently
provide the target thioamides in good yields. In the case of nitro substituted substrates,
the nitro group was reduced into an NH; group that remained in the final product. This
method, which proceeds without the use of catalyst or external oxidants, extended the
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scope of the Willgerodt-Kindler reaction to carboxylic acids, which are readily available
starting materials.

+ - 15 mol% CuCl, S R,
Ry, rCHo MeOOC._ NH,Cl 12 equiv. Na,S- 9H,0 .
+ H S > N
NHCbz R, tos THF N COOMe
; . . NHCbz
(1 equiv.) (2 equiv.) (2 equiv.)
15 16 17
34 examples
Rq=H, Me, Bn, i-B Ro=H, Me, i-Pr, i-Bu, Bn, p-OH-Bn 35%~92% yield
1= e B R 2 s P 59%~99% ee
O~ /‘L[\CONHZ
~,
- OH ;‘{\SH
s7~_COOMe
/Aﬁ/\/\/NHBOC

f% i )

Scheme 6. Cu-catalyzed synthesis of thioamide peptide by Jiang and co-workers [28].

S
N R 100 'C
R—:/ COOH + H[\Il + SS J— . R 1 XX '\II/R1
R _l
) 10h P R,
(1 equiv.) (2 equiv.) (4 equiv.)
18 13 19
20 examples
R=H, Me, OH, OMe, NH,, halides 59%~90% yield
'T1
X ~COOH R 80 C
Y s HNTT g —/— - X N r
R— | 8 R-H- 2
= R, 10h l S
(1 equiv.) (2 equiv.) (4 equiv.) 21
20 13 19 examples

1%~87% yiel
R= H, Me, OH, OMe, Ph, NH,, halides 61%~87% yield

Amine= morpholine, piperidine, pyrrolidine, 1-phenylpiperazine, dimethylamine, diethylamine,
dibutylamine, benzylamine, butylamine, hexamine, phenylethyamine, cyclohexamine,
2-aminopyridine.

Scheme 7. Decarboxylative reaction for the synthesis of thioamides by Singh and co-workers [29].

In 2020, Takemoto’s group [30] described a facile and site-selective approach to access
thioamides using a x-keto carboxylic acid, amine, and sulfur via the nucleophilic addition
of thiols to elemental sulfur (Scheme 8). The decarboxylative thioamidation between o-keto
carboxylic acids 22 and amines 13 furnished the aryl/alkyl thioamides 23 in good yields.
The reaction exhibited broad functional group tolerance, including unprotected alcohols,
carboxylic acids, phenols, and unsaturated bonds. Examples of applications of the method
included biologically active compounds such as thiomyristoyl lysine, possessing anticancer
properties. The key to this approach is the activation of elemental sulfur by thiols.
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R

O

JQ

COOH

(1.2 equiv.)

22

-R2 1 equiv. n-C12H258H S
+ H’\lj + Sg > R)kN/Rz
R THF, rt |
Ry

(1 equiv.) (3 equiv.)
13 23
45 examples
40%~100% yield

R= Me, p-OH-Bn, Ph, p-I-Ph, p-CF 5-Ph, i-Bu, phenethyl, pentadecyl

Thiomyristoyl lysine (TM):

R

Proposed mechanism:

X

COOH

NuH
S
l B
R = R S
RINH, N7 Nu=S,—SH "~g HN” ' -CO  JI_
| — . * — R7 TNH
R” “COOH 07> R R,
H™~ C\\

Scheme 8. Thiol-mediated synthesis of aryl or alkyl thioamides by Takemoto’s group [30].

2.3. Thionylation of Cyanides, Halides, Azides, a-Nitroketones, Alcohols, Sulfoxonium Ylides, and
Their Derivatives

Copper-mediated selective thionylation of phenylacetonitrile with sulfur and dimethyl-
formamide (DMF) was realized by Zhou's group [31] to provide N,N-dimethylthiobenzamides
25 (Scheme 9). The exploration of the mechanism showed that the reaction proceeded via
the formation of a benzene radical intermediate generated from Cu-catalyzed C-C bond
cleavage of phenylacetonitrile and N,N-dimethyl sulfide amide generated from the reaction
of elemental sulfur and DMF. When the reaction was performed in the presence of n-pentanal,
N,N-dimethyl-2-phenylethanethioamides 26 were obtained (Scheme 9). Though the role of
the aldehyde remained unclear, its ability to prevent the formation of benzene radicals was
hypothesized. This method requires the presence of the copper catalyst to transform the
initial phenylacetonitrile into the radical species.

Benzyl chlorides can also lead to benzothioamides, thanks to a three-component
reaction with amines and elemental sulfur, such as in the synthetic route established by
Han and co-workers [32]. Under the optimized conditions, the reaction generated the
desired benzothioamides 28 in yields up to 88% (Scheme 10). The scope of the reaction
was investigated using a variety of amines and substituents on the aromatic ring of benzyl
chloride. This is a very practical transformation which exhibits good functional group
tolerance, and proceeds in a one-pot procedure without the utilization of transition metals
or oxidants.
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10 mol% Cu(acac), R—'\ N/
T |
25

3 equiv. K2003

O .
X cN g 110 °C, 24 h 11 examples
R—— + HO N7 + Ss 42%~96% yield
& |
(1 mmol) (2 ml) (3 equiv.) 10 mol% Cu(acac), |
24 5 o X N\
3 equiv. K2CO3 R_:
1 equiv. n-C4HgCHO F 26 S
R= H, Me, CF3, OMe, NH,, CI, NO, 110 °C, 24 h 12 examples

40%~89% yield

(o]
10 mol% Cu(acac), N
©/ancN N H)J\N/ + S % \ ~
| 3 equiv. K,CO3 3

1 equiv. n-C4HgCHO

(1 mmol) (2 ml) (3 equiv.) i

24a n=0 5 110 °C, 24 h 26a n=0, yield 56%

24b n=2 26b n=2, yield 71%

Proposed mechanism for the synthesis of 25: s
AL
SN LL"’;I\CN Cu(acac), X - |
R — = RIC o 0 i
=
25

radical intermediate

Scheme 9. Cu-catalyzed synthesis of N,N-dimethylthioamides by Zhou and co-workers [31].

S
D , (=
R—: Cl + Hl\ll R + Sg . R X N/R1
_ _
R, 100 °C, 24 h L~ ,'Qz
(2 equiv.) (1 equiv.) (4 equiv.) 28
27 13 28 examples

41%~88% yield

R= H, Me, t-Bu, OMe, Ph, COOEt, halides
Amine= morpholine, piperidine, cyclohexamine, aniline and its derivatives, 2-aminopyridine.

Proposed mechanism:

- R1 88 R1
HN AN -
| —_— N-S,—S
R2 Rz/

—Ph
R /
S HrTJ’ 1 LSS
R Ry ¢ NM— R
o\ R N 1
Ph r\ll - N=8,=9. Ph _ N-S,—Sy,Ph
R RS S
R2 2 2 /
S S_\§n4

Scheme 10. N-methylpiperidine-mediated synthesis of benzothioamides by Han and co-workers [32].
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Recently, another three-component thionylation involving aryl or alkyl chlorides, dimethyl-
formamide, and elemental sulfur in a one-pot procedure was reported (Scheme 11) [33]. In this
protocol, the starting dimethylformamide was not basic enough to activate the elemental sulfur,
requiring addition of NaOH as a basic additive. Interestingly, this strategy extends the scope to
alkyl chloride, while most other studies are limited to benzylic substrates.

0 S
1.5 equiv. NaOH R
R ¢l * H)J\N'R1 + Sg - R)J\N/ 1
| 100 C, 8 h |
R2 RZ
(2 mmol) (2 ml) (1.5 equiv.) 30
29 8
39 examples

38%~91% yield

R= Ph, X-substituted phenyl (X=halogen, Me, MeO, OH, NH,, CN, NO,, CF3), Thienyl,
Naphthyl, Pyridyl, Benzofuryl, Benzothienyl, Bn, Cyclohexyl, Phenethyl, Et, i-Pr, Heptyl,
Pr, Diethoxymethyl.

Scheme 11. NaOH-medjiated synthesis of thioamides by Zhou and co-workers [33].

Phosphinic chlorides are interesting substrates towards phosphoryl thioamides and
are precious intermediates in organophosphorus chemistry. Volkova’s group [34] developed
an efficient, catalyst-free three-component preparation of phosphoryl thioamides 32 from
phosphinic chlorides, amines, and elemental sulfur in water or under neat condition
(Scheme 12). An excess of amines and sulfur was essential to provide the desired product in
good yields, but the easy work-up allowed the complete recovery of excesses of substrates
and reagents. Furthermore, the investigation of the substrate scope demonstrated the
generality of the strategy.

Rs S
NN Ry Rs
HN neat or H,0O R
R4/F<\O c o, | . _ /\P\ \)kN/ 1
R Condition A-D R0 &
2
31 13 32
R3, R4=Ar, NHAIK, NHAr, NAIk, 31 examples

19%~99% vyield

Condition A: neat, 31 (1 equiv.), Sg (3 equiv.), 13 (20 equiv.), 40~100 °C, 8 h

Condition B: neat, 31 (1 equiv.), Sg (3 equiv.), 13 (3 equiv.), DIPEA (3 equiv.), 100 °C, 8 h
Condition C: H,0, 31 (1 equiv.), Sg (3 equiv.), 13 (1.5 equiv.), DIPEA (3 equiv.), reflux, 8 h
Condition D: H,0, 31 (1 equiv.), Sg (3 equiv.), 13 (4.5 equiv.), reflux, 5 h

Scheme 12. Synthesis of phosphoryl thioamides by Volkova and co-workers [34].

A three-component reaction to access N-phenyl-benzothioamides 35 involving benzyl
alcohol or phenylacetic acid, nitroarenes, and elemental sulfur was developed in a one-pot
procedure [35]. This method employed 1,4-diazabicyclo[2.2.2]octane (DABCO) as the base
which activated the elemental sulfur (Scheme 13). The authors investigated the scope of
substitution on the aryl acetic acid and nitroarene moieties, observing a good tolerance
with respect to a wide range of functional groups. The extension of the reaction to benzyl
alcohols is currently explored. Compared with other methods, the benefit of this approach
is the use of nitroarenes as stable and readily available substrates.
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S Z
NO. - Re
N V02 DABCO N
_n _n - > 7 N
i i
R * R + Sg R H
120 °C, 16 h =
35

33 34 17 examples

2 0/ ~. 0, 1 I
X=COOH: 33 (1.5 equiv.), 34 (1 equiv.), Sg (2 equiv.), DABCO (1 equiv.) 8%~86% yield

X=0H: 33 (1 equiv.), 34 (2 equiv.), Sg (3 equiv.), DABCO (2 equiv.)
R¢= H, Me, Cl, OMe, CF;
R,= H, Me, Br, Ph

Scheme 13. DABCO-mediated synthesis of benzothioamides by Phan and co-workers [35].

More recently, a general strategy was developed for the one-pot synthesis of aryl or
alkyl thioamide from variously substituted aryl methanol or their formate esters, in the
presence of amides and elemental sulfur (Scheme 14) [36]. In this transformation, ethylene
diamine tetraacetic acid (EDTA) served as a hydrogen delivery agent which transferred a
proton from the benzylic carbon to a sulfur atom in the C-S coupling concerted C-H bond
activation step. Alkyl alcohols were not able to undergo the same reaction because the
hydroxyl group was preferably deprotonated in the initial C-H bond activation step. Benzyl
formate being an intermediate in the formation of thioamides from benzylic alcohols, the
authors found that alkyl formates were also able to provide the desired alkylthioamides.
Formates thus appear as general substrates for thioamides synthesis.

o) 0.2 equiv. EDTA S
2.5 equiv. NaOH R
.R
RZ R2
(2 mmol) (2 ml) (2 equiv.) a7
36 8
37 examples
40%~82% yield
o (o) 0.2 equiv. EDTA S
R 2.5 equiv. NaOH R
Ay 07+ HJ\N’ '+ Se - Ar/AIkyI)J\N/ 1
I 60~100 C |
R, R,
(2 mmol) (2 ml) (2 equiv.)
38 8 39

36 examples
34%~86% yield

Ar= Ph, substituted phenyl group, Thienyl, Naphthyl, Pyridyl, Furyl
Alkyl= Propyl, Pentyl, Heptyl, Cyclohexyl, Benzyl, Phenethyl.

Proposed mechanism:

base - Sg _
DMF — H'T —_— \N—Sn—S
A
o OH I EDTA, DMF, OH~ )SJ\
Phd LO__H » DMF,
P 0" N —a  FHI ~ Ph” N7
.. ~S O _co,-H,0,-HCOO |
S\Sn-1

Scheme 14. EDTA-mediated synthesis of aryl or alkyl thioamides by Zhou and co-workers [36].
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Benefiting from the ability of azides to behave as leaving groups, Chen and his
colleagues [37] described a metal-free synthetic approach towards «-ketothioamides 41
from o-azido ketones, amines, and elemental sulfur (Scheme 15). This reaction involving
the cleavages of C-Nj3 displayed a broad substrate scope and high yields under mild
conditions. On the basis of a series of control experiments, the authors proposed a plausible
reaction mechanism via enol tautomerization, desulfhydrylation, and the departure of the
azido group. This work provides a new development of a-azido ketone chemistry, and
offers an alternative protocol for the synthesis of «-ketothioamide.

o} 'T1
,R1 THF N
+ SS > R_i\ R2
2 air, rt = S
(1 equiv.) (3 equiv.) (2 equiv.) 41
40 13 26 examples

42%~91% yield
R= H, Me, halides
Amine= morpholine, piperidine, pyrrolidine, propylamine, butylamine, benzylamine, hexamine,
cyclohexamine, aniline.

Proposed mechanism:

OH — OH
N3 Q\ N3 Sg N3
— .

Sr—g-

—_—
o] Hr\IJ'R1 0 R|1
N3 R2 N\
—_— —_— R2
/-SH - Se S
S

-H,S

Scheme 15. Oxidative amidation for the synthesis of x-keto thioamides by Chen and his col-
leagues [37].

x-Nitroketones are also useful substrates for the preparation of a-keto thioamides.
In 2021, Sheng and his colleagues [38] described an efficient protocol for the synthesis of
diverse a-keto thioamides 43 from «-nitroketones and amines in the presence of sulfur
(Scheme 16). This transformation, which proceeds under mild condition, tolerates a broad
range of substitutions, especially for the alkyl «-keto thioamides, which are rarely reported
in the literature.

In 2022, Chen’s group reported an efficient synthesis of x-keto thioamides via thio-
carbonylation of C(sp3)—H of o-bromo ketones (Scheme 17) [39]. A wide range of o-bromo
ketones and amines was well-tolerated in this transformation, leading to the formation of
phenyl a-keto thioamides in good yields.

The same year, another access to o-keto thioamides was reported by Pandey’s group, who
used sulfoxonium ylides as substrates with primary or secondary amines (Scheme 18) [40]. The
reaction, driven by the release of DMSO, provided o-keto thioamides 47 at room temperature
in good-to-excellent yields. This work provides an original development of the chemistry of
sulfoxonium ylides, which are easy to synthesize and stock usually as stable crystalline solids.
Using a ready operational procedure and mild conditions, this reaction leads to the formation
of a-keto thioamides without the need of any catalysts or additional base.
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R1
@)
0 LR L s DMF, rt |
—_—
A M no, ! 8 " Ar/AIKyl R,
2
(1 equiv.) (2 equiv.) (2 equiv.) 4§
42 13 24 examples
up to 96% yield
0 X
4 equiv. NH4OH
+ s+ S
NO H™ °N 8 ~
Ar/AIkyI)J\/ 2 | rt, air Ar/AIkyl)H(
(1 equiv.) (3 ml) (2 equiv.)
42 5

7 examples
up to 85% yield
Ar= Ph, substituted phenyl, Naphthyl, Pyridyl, Furyl
Alkyl= EtO, Phenethyl, Decyl.

Scheme 16. Oxidant-free synthesis of a-keto thioamides by Sheng and his colleagues [38].

0 T*
“ Br R MeCN N_
R + HI‘|\J + Sg — . R Rz
= R, 110 °C Z s
(1 equiv.) (1.5equiv.) (2 equiv.)
45
44 13
18 examples
R=H, Me,NO,, OMe, CF3, halides 68%~90% yield

Amine= morpholine, piperidine, pyrrolidine, propylamine, butylamine, benzimidazole,
3-methoxypropylamine.

Scheme 17. Synthesis of a-keto thioamides by Chen and co-workers [39].

o R
0 (I?/ . HN'R1 + S THF, rt l\ll
| 8 ——— ~
Ar/Alkyl)J\4 NN R, - DMSO Ar/Alkyl)kﬂ/ R2
S
(1 equiv.) (2 equiv.) (2 equiv.) 47
46 13 33 examples

up to 96% yield

Ar/Alkyl = Ph, p-Br-Ph, p-OCH3-Ph, p-CH3-Ph, p-NO,-Ph, Thienyl, Furyl,
Ethyl, Butyl, Phenethyl, Cyclopropyl, Cyclohexyl, Adamantyl.

Proposed mechanism: HN’R1
|
o) o/ 0 é/ R
e _
Ph)v ~ )J\/ . Ph)K( =
- DMSO
87‘8
OH |T1 ) '?1
N.
- Sg, - HpS a
S<
USe=SH

Scheme 18. Synthesis of a-keto thioamides by Pandey and co-workers [40].
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2.4. Thionylation of Alkynes and Alkenes

Alkenes or alkynes can serve as substrates in thionylation reactions. For example,
Nguyen and his colleagues [41] developed a straightforward approach to alkyl thioamides
49 through a three-component reaction from alkynes, aliphatic amines, and elemental sulfur
(Scheme 19). The conversion of substrates was accelerated by the presence of pyridine
making the reaction mixture more homogeneous. The reaction exhibits a remarkable
tolerance for a wide range of functional groups and susbtituents on the alkyne and the
alkylamine including cyclic secondary amines. Only aniline remained untransformed
under these conditions. Mechanistic investigations led the authors to suggest that the
reaction proceeded via the generation of a polysulfide A, its subsequent addition reaction
onto the triple bond, then an addition reaction of the amino group onto the double bond,
before final elimination of polysulfide. This work shows a remarkable example of atom-
and step-economical reaction.

S
Ry Py

R— + HN + Sg — R\)J\ Rs
| - N~
R, 60~100 C |

. Ry
(1.5 equiv.) (1 equiv.) (2 equiv.) 49
48 13 29 examples

up to 86% yield
R4, Ry =H, Alkyl

R= Ph, p-OCH3-Ph, p-pentyl-Ph, Pyridyl, Hexyl, Cyclohexyl, Bn.

Proposed mechanism:

-Ry Sg R _
M > N-§,S
R, Rz R
-Ry
H'\Il R1\N/R2
A
Ph— ——— » Ph\/\s/S”\N/R1 R—2> Ph JS/\EH\N/R1
| |
R H R R
Hl\ll’ 1
Ro
S
Ph\)J\ _Ry

Scheme 19. Synthesis of alkyl thioamides from alkynes by Nguyen and his colleagues [41].

When diynes are used, the strategy can be applied to the preparation of polythioamides,
which are interesting sulfur-containing polymers. Tang and his colleagues [42] employed
aromatic diynes, elemental sulfur, and aliphatic diamines as monomers to synthesize the
polythioamide 52 in high yield through multicomponent polymerization (Scheme 20). The
resulting polymer exhibited high molecular weight and well-defined structure.

100 C
(1.5 equiv.) (1 equiv.) (4 equiv.) 52
50 51

H H
— — /R Py N_ _R._N
=A== + H)N NH, + S — = A Y \/;ﬁ
S
S

up to 98% yield

diyne = 1,4-diethylbenzene, 1,2-bis(4-ethynylphenyl)-1,2-diphenylethene,
4,4'-(isopropylidene-diphenyl)-bis(4-ethynylbenzyl) ether,
1,6-bis(4-ethynyl-phenoxy)hexane.

diamine = p-xylylendiamine, 1,6-diaminohexane, 2,2-dimethyl-1,3-propanediamine.

Scheme 20. Synthesis of polythioamides by Tang and co-workers [42].
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In 2018, Liu and co-workers [43] reported the efficient three-component reaction of
alkynes, amides, and elemental sulfur, which provided aryl thioamides such as 54 in
moderate-to-good yields (Scheme 21). A first advantage of this protocol is to proceed
in transition-metal-free conditions. Moreover, the cleavage of the C-C triple bond of
aromatic alkynes can be promoted by elemental sulfur without any additional oxidants.
This unexpected alkyne cleavage reaction was found to be of high tolerance with respect to
the functional group substitution on the aryl alkynes.

1) S
Ar————R + R3)J\N’R1 + Sy S e—.qu'v' KoP O ArJ\N/R2
&2 115 C, air |IQ1
(1 equiv.) (2 ml) (24 equiv.) 54
53 8

24 examples
of ~ 0, H
R=H, Ph, p-Me-Ph, COOH 27%~93% yield
Ar= Ph, p-OCH3-Ph, p-tBu-Ph, m-Me-Ph, p-Me-Ph, p-CF3-Ph, p-CI-Ph, p-F-Ph.
R4, Ro= H, Me; NR1Ry= Morpholinyl

R3=H, Me, Et

Scheme 21. K3PO4-mediated synthesis of thioamides by Liu and co-workers [43].

A close example using alkenes was later described by Wu and his colleagues [44],
who performed their three-component reaction with amines and sulfur in the presence of
KF or K3POy. Surprisingly, the two bases led chemoselectively to two different kinds of
thioamides, the K3PO,-mediated reaction giving the 2-phenylethanethioamides 57 while
the KF-mediated reaction provided benzothioamides 58. Though still under investiga-
tion, the authors proposed a mechanism supported by control experiments involving the
formation of the polysulfide RNHS5K (Scheme 22).

s
. AS X
2 equiv. K3PO, R1_:<>/\ﬂ/ \GRz
DMSO 7 5 S Z

100 °C, N2

21 examples
46%~96% yield

(2 equiv.) (1 equiv.) (4 equiv.) 2 equiv. KF

=
\
55 56 Dl\/!SO X N
100 °C, N2 Ri—— P H
58

R4= Me, Et, i-Pr, t-Bu, CF3, OH, OMe, OPh, NO2, halides

R,= Me, t-B M I, F
2= Me, t-Bu, OMe, CI, 22 examples

up to 92% yield
Proposed mechanism:

s/s\s
base N K3PO, : ]
R—NH, + S —> RNHS; —— > Ao >SsNHR O o 5 S
“ N
Ar S:NHR
KF l Sg 5
RNHS, s JR_NHZ
n
A e S; \S
7 a
>_< Ar~-SsNHR
R—NH, -
Ar SsNHR NHR
l l -RNHS,
S
ZON =S
)SJ\ -— RHN\S>) <S DL RHNS s s
Ar NHR e 7 < Ar/\f
Ar SsNHR Ar SsNHR NHR

Scheme 22. K3PO4-/KF-mediated synthesis of thioamides by Wu and co-workers [44].
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The C=C bond of enaminoketones can also be involved in such a cleavage reaction.
This was used by Wan and colleagues, who applied it to the synthesis of o-keto thioamides
60 in moderate-to-good yields by transformation of enaminoketones 59 in the presence
of sulfur and DMAP under air (Scheme 23) [45]. This protocol provides an elegant and
practical alternative for the construction of c-keto thioamides with broad substrate tolerance
from easily available tertiary enaminones. The reaction failed to provide the desired
product with N-methyl-N-phenyl tertiary enaminones, giving instead N,N-dimethyl «-keto
thioamide, suggesting that DMF competed as an amido/amino source. Control experiments
indicated that the cleavage of the C=C bond produced formaldehyde, which was further
oxidized to formic acid.

o 0 ||?1
1 equiv. DMAP N
Ao m L, e X R)HT .
||? DMF 5
) 1 OC .
(1 equiv.) (equiv.) 0 -ar
50 60
22 examples

56%~82% yield

R= Ph, p-CI-Ph, m,p-dichloro-Ph, o-CH3-Ph, p-OCH3-Ph, p-CH3-Ph, p-Br-Ph, p-NO»-Ph,
0-NO5-Ph, m-OCH3-Ph, Thienyl, Naphthyl, Pyridyl, Furyl, Me, vinyl.
R1=R,= Me; NR4R,= Morpholinyl, Piperidinyl, Pyrrolidinyl

Scheme 23. Synthesis of x-keto thioamides by Wan and co-workers [45].

Formamides can also be used in place of amines, such as in the 2020 work reported by
Zhang's group [46] on the three-component reaction of arylpropynes 61, formamides, and
elemental sulfur (Scheme 24). The KF-mediated reaction led efficiently to the targeted aryl
propanethioamides 62 with wide structural scope. The reaction mechanism was suggested
to proceed first via hydrolysis of the C-C triple bond, to form the ketone, and concomitant
hydrolysis of formamides, forming the secondary amines, and subsequent formation of
the C-N bond and C-S double bond. Aryl propanethioamides 62 could be obtained from
internal alkynes by this transformation, indicating that this process shared some similarities
with the Willgerodt rearrangement.

o S
LG 3 equiv. KF /\)J\
| 6 equiv. H,O I
. R2 120 C, 12h Ra
(1 equiv.) (2 ml) (1.2 equiv.) 62
61 8

27 examples
LG= N(CH3),, NHPh, NMePh, Morpholinyl, Piperidinyl, 50%~86% vyield
OH, OPh, SPh, CI

Ar= Ph, 0-CH3-Ph, m-CH3-Ph, p-CH3-Ph, p-Et-Ph, p-tBu-Ph, m-CI-Ph, m-F-Ph, m-Br-Ph,
p-OCH3-Ph, m-OCH3-Ph, p-CF3-Ph, Thienyl, Naphthyl, Biphenyl

R1=Ry= Me; R4=H, Ry= Et; NR4Ry= Morpholinyl, Piperidinyl
Scheme 24. KF-mediated synthesis of aryl propanethioamides by Zhang and co-workers [46].

Alternatively, nitrostyrene can undergo a similar C=C bond cleavage process. In 2021, a
three-component strategy towards aryl thioamides 64/65 was developed in Zheng’s group
through a base-mediated C=C bond cleavage of 3-nitrostyrene in the presence of sulfur
and formamides or amines (Scheme 25) [47]. KO-t-Bu was found to be the most effective
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among organic or inorganic basic promoters of the reaction, leading to the corresponding
thioamides in moderate-to-high yields.

X '
2 equiv. KO{-Bu Ar N
Ar\/\NOZ + H N/ . 88 q - Y A
. | ) 100 ‘C, 2h S
(1 equiv.) (0.5 ml) (2 equiv.)
63 5 64
B 8 examples
Ar= Ph, p-CI-Ph, p-OCH3-Ph, p-CH3-Ph, m-CH3-Ph, 66%~86% yield
m-CI-Ph, Naphthyl, Pyridyl
Ro
) I
Ar~. = ,Rs 2 equiv. KOt-Bu Ar N
\/\NO2 + HITI + 88 o T \R1
R DMSO0,100 C
: ! . S
(1 equiv.) (3 equiv.) (2 equiv.) 05~10h 65
63 13 11 examples

51%~95% yield
Ar= Ph, p-CI-Ph, p-OCHs-Ph, p-CHs-Ph, p-NO,-Ph,

Thienyl, Naphthyl, Pyridyl
NR{R,= Morpholinyl, Piperidinyl, Pyrrolidinyl

Scheme 25. KO-t-Bu-mediated synthesis of aryl thioamides by Zeng and co-workers [47].

Singh and co-workers reported in 2021 a very straightforward approach to construct
a-keto thioamides, starting from readily available cinnamic acids and secondary amines
(Scheme 26) relying on a copper-catalyzed decarboxylative thioamidation in the presence
of sulfur under neat conditions [48]. «-Keto thioamides 67 were obtained as the final
oxidative products in moderate yields. The presence of radical scavengers fully inhibited
the formation of final oxidative products, suggesting that the reaction proceeded through a
radical mechanism. Different from the one shown in Scheme 7, this reaction of cinnamic
acids led to the formation x-keto thioamides. The presence of the copper catalyst is,
however, indispensable, as it promotes the oxygenation step.

R
(o) 2
R, 20 mol% Cu(OAc), N
Ar/\/COOH + Hll\l + Sy - Ar R,
R1 80 OC S
(1 equiv.) (4 equiv.) (3 equiv.) 67
66 13

24 examples
55%~75% yield
Ar= Ph, p-CI-Ph, 0-CI-Ph, p-OCHj3-Ph, p-CH3-Ph, p-NO,-Ph, m-NO,-Ph, m-CF3-Ph,

Thienyl, Naphthyl, Pyridyl
HNR4R,= Morpholine, Piperidine, 4-methylpiperidine, Pyrrolidine; R4=R,= Me
Scheme 26. Cu-catalyzed synthesis of x-keto thioamides by Singh and co-workers [48].

In 2021, Gururaja and co-workers reported the use of gem-dibromostyrenes as sub-
strates in a catalyst-free, three-component reaction in aqueous medium leading to 2-
arylethanethioamides 69 (Scheme 27) [49]. As in the case of aldehydes as substrates
mentioned earlier (Scheme 5), water is essential for the thioamidation, which could be
applied to a variety of aliphatic amines.
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R
H,0
Br Ry =
Y G + S Aﬂ/ Rz
Br R, 100 C
(1 equiv.) (40 wt% in H,O) (10 equiv.) 69
68 13 21 examples

up to 95% yield

Ar= Ph, p-CI-Ph, p-F-Ph, m-CI-Ph, o-F-Ph, p-OCH3-Ph, dimethoxy-Ph, trimethoxy-Ph,
p-Br-Ph, p-NO5-Ph, m-NO,-Ph, 0-NO,-Ph, Thienyl

R4=Ry= Me, Et, Ph; R4=H, R,= Pr, n-Bu, Ph, Cyclohexyl; R4=Ph, R,= Me, Et

NR1R,= Morpholinyl, Pyrrolidinyl

Scheme 27. Synthesis of 2-arylethanethioamides in an aqueous medium by Gururaja and co-

workers [49].

2.5. Thionylation of Methylheteroarenes

Nguyen’s group [50] developed a thioamidation method via DMSO-promoted oxida-
tive coupling of methylhetarenes with amines (Scheme 28). In their procedure, the loading
of sulfur could be decreased as low as 1.25 equivalent, and a wide scope of substrates
were tolerated to provide a variety of thioamides in high yield. Both DMSO and Sg were
considered to act as oxidizing species. Addition of acetic acid was required for the reaction
of aliphatic amines, which gave the expected thioamides 72, and aromatic amines could be
transformed to the desired products 74 in high yields even without any additive. Compared
with the protocols without DMSO, this protocol is advantageous by decreasing the reaction
temperature and the load of sulfur.

R.NH 1 equiv. HOAc S S
2 .

4.5 equiv. DMSO — R R
| /)—Me + or + Sg q_» %N/ or _%’Tl/
N RNH, 100 °C, 16h \ N <\ N R

(1.5 equiv.) (1 equiv.)  (1.25 equiv.) 72
16 examples
70 71 32%~89% yield
i
N. 4.5 equiv. DMSO
B - .5 equiv. __ Ar _
(e s M s — e TN
N 100 °C, 16h \ N H N
ArNH;, N
(1.5 equiv.) (1 equiv.)  (1.25 equiv.)
70 73 16 examples

42%~72% yield

RoNH or RNH,= Morpholine, Pyrrolidine; RNH,= Cyclohexamine, Cyclopentamine, Phenylethylamine

ArNH, or ArNHR= aniline, dimethylaniline, p-anisidine, 3,4-dimethoxyaniline, halogen-substituted aniline,
nitro-aniline, amino-pyridine, indoline, 1,2,3,4-tetrahydroquinoline

Proposed mechanism:

l\ _— -
N~ HN

l RNH,

NHR Sg NHR

| o S | ~ SH
N~ DMSO N_ __

Scheme 28. DMSO-promoted synthesis of aryl thioamides by Nguyen and co-workers [50].
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2.6. Thionylation Involving Amines Only

In the absence of any other partner, primary or secondary amines can be transformed
to thioamides by reaction with Sg. For example, under microwave irradiation and in
solvent-free conditions, variously substituted benzylamines 75 or 77 could be converted in
moderate-to-good yields to the aromatic thioamides 76 or 78, respectively (Scheme 29) [51].
The main benefit of this method is the by far shorter reaction time compared to previously
reported methods. The generality of the reaction needs further investigation for its exten-
sion to secondary amines, as only low yields were observed for some examples such as
N-tert-butyl and N-phenylbenzylamines.

S ]
Sg (2 equiv. ' Sg (2 equiv.
Ar” NH, S, Ar)J\N/\Ar LA SN e Beanv) Ar)J\N/R
(1 equiv,) 170 °C, 15min H , H 170C, 15min H
- MW 76 : (1 eq7L_1,|v.) MW 78
5 examples 8 examples
64%~80% yield 21%~84% yield

Ar= Ph, 4-OMe-Ph, 4-CI-Ph, 3,4-dimethoxy-Ph, 2-thienyl
R= Me, i-Pr, t-Bu, Ph; or 77= piperidine derivatives

Proposed mechanism:

PR Sg PR Ph”” >NH, S
N [EE— BN N
oxidation transimination oxidation

Scheme 29. Microwave-assisted synthesis of aromatic thioamides by Keglevich and co-workers [51].

If two different primary amines are mixed together in the presence of elemental sulfur,
four possible thioamides can generally be formed in the reaction. Nguyen and his colleagues
found, however, that cross-coupling products could be obtained with significant selectivity
because benzyl amines are more prone to oxidation [52]. They reported the preparation of
a series of cross-coupled thioamides, indicating that only one heterocoupled thioamide 80a
was the major product, while only small amounts of homocoupled thioamides 80b and 80c
were observed as by-products (Scheme 30).

S
Ly

S :
110-130 °C AT
A _— )
Ar” "NHy + R{ ONH, + Ss Ar)kN/\R1 ! 80b
16 h H )
(1 equiv.) (1.2 equiv.) (3 equiv.) 80a ,
75 79 1 S
17 examples | )]\
R=akyl 62%~95% yield ! R SN Ry
H
80c

Ar= Ph, p-CI-Ph, p-OCH3-Ph, Pyridyl,
R4= Bn, p-OCHj3-Bn, heptyl, pentyl; or 79= Morpholine, Cyclohexamine, 4-OH-butylamine

Scheme 30. Oxidative coupling of two amines into aromatic thioamides by Nguyen and his col-
leagues [52].

The formation of thioamides from amines and elemental sulfur can be photocatalyzed.
A recent example is the work of Savateev’s group in 2018 [53]. They reported the synthesis
of aryl or alkyl thioamides 82 under visible light irradiation in the presence of potassium
poly(heptazine imide) (K-PHI) as a photocatalyst (Scheme 31). In terms of scope, a wide
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range of substituted benzylamines and heterocyclic or aliphatic methylamines were trans-
formed to thioamides in high isolated yields, except for 2-methyl benzylamine, which
was unreactive under these conditions. The authors suggested that steric hindrance of the
methyl group near the reactive site was responsible for this lack of reactivity.

K-PHI S
visible light irradiation
R/\NH2 + 88 - > R)J\N/\R
dioxane H
(1 equiv.) (3 equiv.) 70 °C, 20 h
81 82
14 examples
68%~92% yield

R= Ph, p-OCHa-Ph, p-CH3-Ph, m-CHs-Ph, p-NH,-Ph, Pyridyl, Furyl, Et, Bu.
Scheme 31. Photocatalytic synthesis of aryl/alkyl thioamides by Savateev and co-workers [53].

Catalysis of the thioamidation can also come from the addition of tetrabutylammonium
hydroxide (TBAOH)), as reported by Adimurthy and his colleagues, who described the
transformation of benzyl amines to N-benzylbenzothioamides 83 with elemental sulfur
under aerobic conditions (Scheme 32) [54]. The corresponding thioamides were provided in
good yields using different benzyl amines with electron-withdrawing or electron-donating
groups. Interestingly, 2-chlorobenzylamine could be transformed to the corresponding
thioamide under these conditions, despite the steric hindrance of the chloride, which
normally limits its reactivity. In this formation, ionic liquid TBAOH acted as catalyst and
aerobic oxygen as a sole oxidant under solvent- and base-free conditions. The authors
further expanded the scope of their study to heterothioamides.

S
15 mol% TBAOH PN
AI'/\NHQ + Sg > Ar)k” Ar
(2 e;];iv.) (1 equiv.) air 83
12 examples
35%~83% vyield

Ar= Ph, p-CI-Ph, 0-CI-Ph, m-CI-Ph, 0-OCH3-Ph, p-OCHa-Ph, p-CH3-Ph,
p-F-Ph, o-F-Ph, p-CF5-Ph, Thienyl, Pyridyl

Scheme 32. Ionic liquid TBAOH catalyzed synthesis of N-benzylbenzothioamides by Adimurthy
and co-workers [54].

A solvent-driven C(sp?)-H thiocarbonylation of bicyclic benzylic amines such as 84
into 2-phenyl-3,4-dihydroisoquinoline-1(2H)-thione derivatives 85 was developed by Wei
and co-workers (Scheme 33) [55]. Conducted under catalyst-free conditions, the reaction
was specific to dipolar aprotic solvents such as DMF, DMA, and DMPU. Mechanistic
calculations of the complete reaction free energy profiles for the different benzylamines in
DMPU as solvent led to the proposal that the reaction proceeded via the formation of S3°~
species and the solvent radical anion (DMPU*™).
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X
R DMForDMPU R

T A

o 2 J
N  Np90°C,12h s \© Rz
(1 equiv.) (2 equiv.)
84 85
25 examples
47%~85% yield

R{=H, OMe, Br,

R,=H, Me, OMe, OH, NO,, CI, Br, CN, Ac, Bz, COOH, CHO, COOMe, Methylsulfonyl, Formyl
Scheme 33. C(sp3)—H thiocarbonylation for thioamides by Wei and his co-workers [55].

3. Inorganic Sulfides as a Sulfuration Agent

In this section, we review how inorganic sulfides such as sodium hydrosulfide (NaSH),
sodium sulfide (Na;S), and sodium disulfide (Na;S;) have been recently used as sulfur
sources in strategies targeting thioamides. Using inorganic sulfide is indeed an attractive
source of sulfur for organic reactions with numerous occurrences and applications in
industrial processes and material science.

Though not as convenient as compared to elemental sulfur because some hydrogen sulfide
is generally released, inorganic sulfides are, however, useful reagents, being still preferable
compared to organosulfur reagents or Lawesson and P4S;g reagents in terms of cleanness and
practicality, while covering a wide range of possible substrates. These practical aspects have
confirmed them as useful reagents in organic synthesis. Some recent efforts to improve the
cleanness and practicality of these latter methods are briefly discussed below. Mechanistically,
in the case of aldehydes, the reaction process involves the formation of an imine, which
undergoes sulfur anion or HS- addition before the final oxidation step (Figure 4).

L " g
1
o} R, Risfi-Re ~c2 o s | X
)k — > { [ —»or Ar N< R, — ™ Ar N
Ar H Imine formation  ar - 2 Oxidation Y Re
S (SH) S

Figure 4. The mechanism of the inorganic sulfur-mediated thioamide synthesis.

3.1. Sodium Hydrosulfide as a Sulfuration Agent

Sodium hydrosulfide is a water-soluble and stable salt. When dissolved in water,
a highly alkaline sodium hydrosulfide (pH range of 11.5 to 12.5) is obtained. NaSH is
not very cheap, but it can be readily prepared by reacting hydrogen sulfide with sodium
ethoxide in ethanol.

A recent study by Wu’s group focused on the use of sodium hydrosulfide as a sulfur
source in a three-component reaction starting from amines and aryl methyl ketones promoted
by iodine (Scheme 34) [56]. This method allowed the direct and efficient conversion of aryl
methyl ketones to o-keto thioamides 87, which were not able to be directly prepared through
the original Willgerodt—Kindler reaction from acetophenone. The optimal reaction conditions
(1.5 equiv I at 120 °C in DMSO) were applied to the reaction of acetophenone with a variety
of secondary amines, leading smoothly to the corresponding x-ketothioamides in good yields.
In this process, iodine played the role of an oxidant which could be regenerated from the
Kornblum oxidation of the byproduct HI in the presence of DMSO.

NaSH served as the sulfur source in another approach converting carboxylic acids to
thioamides. In this method, the carboxylic acids were first transformed into correspond-
ing thiocarboxylic acids in the presence of NaSH. A second step is the addition of the
thiocarboxylic acids on the ynamide (N-methylynetoluenesulfonamide MYTsA), forming
an intermediate thioester 89 (Scheme 35). The thioamidation then occurs by reaction of
this latter with amines, leading to aryl or alkyl thioamides 90 in excellent yields and wide
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functional group tolerance [57]. Thanks to the mildness of the conditions avoiding any
epimerization or racemization of chiral substrates, this method has found remarkable
applications in the synthesis of thiopeptides [58].

0 2 !
R4 1.5 equiv. |, N
Ar)J\ + AN + NaSH nH,0 —— = Ar “R,
Ro DMSO0,120 ‘C S
(1 equiv.) (1 equiv.) (2 equiv.) 87
86 13

27 examples
61%~94% yield

Ar= Ph, p-CI-Ph, p-F-Ph, m-OCH3-Ph, p-OCHj3-Ph, p-OEt-Ph, p-CH3-Ph, p-NO»-Ph,
Thienyl, Naphthyl, Furyl, Biphenyl, Benzofuryl
HNRR5= Morpholine, Piperidine, Cyclohexamine, 4-Methylpiperazine, 4-Ethylpiperazine

Scheme 34. I,-mediated synthesis of a-keto thioamides by Wu and co-workers [56].

HII\I'R1
R S
S 2
9 NaSH )J\ )J\ Ts (1.2equiv.) )J\ R
e ArAlyl” Y07 N7 S T ArAkyl” N7 2
Ar/Alkyl” ~OH Ts rIAIKY | DOM. 1t |
88 =N (1 equiv.) 90 R
89 29 examples

90%~98% yield
Ar= Ph, p-CI-Ph, p-F-Ph, p-OCH3-Ph, p-CN-Ph, p-CF3-Ph, 2-OMe-4-NH,-5-SO,Et-Ph, Furyl
5-Br-furyl, 4,5-Dibromo-thienyl
Alkyl= Me

Scheme 35. Ynamide-mediated synthesis of thioamides by Zhao and co-workers [57].

3.2. Sodium Sulfide as a Sulfuration Agent

Sodium sulfide, often used as its hydrate, is a water-soluble salt that is readily available
and very cheap. Sodium sulfide is stable in basic conditions.

Jiang’s group [59] reported an efficient and practical three-component preparation
of aryl/alkyl thioamides 91 in water involving aryl or alkyl aldehydes, N-substituted
formamides, and sodium sulfide (Scheme 36). N-substituted formamides are essential
for this transformation. Comparatively, the corresponding amines led to a trace amount
of the targeted thioamides, owing to the hydrolysis of formamide by sodium sulfide to
release hydrogen sulfide, acting as a promoter of the reaction. This protocol proved to
tolerate several functional groups, notably for aryl aldehydes and unsaturated aliphatic
aldehydes. This is an important advantage of this method, which could be applied to
late-stage modifications of bioactive drugs containing carbon-carbon double bonds.

It is worth mentioning another example of sodium sulfide-mediated thionylation
which benefited from the use of an ionic liquid as medium. This work concerned the
formation of thiobenzamide derivatives 93 from aryl nitriles promoted by [DBUH][OAc]
ionic liquid at room temperature (Scheme 37) [60]. This was well-applicable to a wide
range of functional aryl nitriles. The ionic liquid allowed easy purification from the reaction
mixture of the target products and could be reused several times (same catalytic ability
even five rounds).
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(e}
; S
(0] 1.8 equiv. K2S208
)J\ + H)J\N,R1 + Na28~ 9H20 > R)j\N/R1
R H I 5 equiv. Py |
R2

. . . HZO R2
(1 equiv.) (5 equiv.) (3.5 equiv.) o
12 R=Aryl, Alkyl 8

46 examples
44%~97% yield

Ar= Ph, X-substituted phenyl (X=halogen, Me, MeO, OH, CF3), Thienyl,

Naphthyl, Pyridyl, Benzofuryl, Benzothienyl, N-benzylindolyl
R=Alkyl, 12= isovaleraldehyde, phenylpropanal, citronellal, lilyaldehyde, melonal, cholesterol derivative
Scheme 36. NajS-mediated synthesis of aryl or alkyl thioamides in water by Jiang and co-
workers [59].

S
N CN [DBUH][OAC]
R— Na,S- — = NH
||\ . + 328 9H20 R_: 2
X rt, 2h kx/
(1 equiv.) (1.2 equiv.)
92 X=C, N %3 X=C.N
’ 26 examples
64%~90% yield

R=H, Me, CN, OMe, CF3, OCF5, Ph, t-Bu, halides

Scheme 37. Ionic liquid [DBUH][OAc]-promoted synthesis of thioamides by Zhang and co-
workers [60].

A recent example of thionylation using sodium sulfide as a source of sulfur was
reported by Sun and co-workers for the transformation of 2-aryl haloalkynes into 2-
arylethanethioamides (Scheme 38) [61]. They established an efficient three-component
reaction under rather mild conditions using DMF as the best solvent among several oth-
ers, such as 1,4-dioxane, and DME. A wide range of amines and different functional
haloalkynes were examined to afford the expected thioamides 95 in good yield. The pro-
posed mechanism based on isotopic exchange control experiments showed that, among
the two hydrogen atoms of the methylene group in 95, one arose from the amine, and one
from water, indicating that the presence of the water molecules (arising from Na,S-9H,0)
is essential.

R

1
Ry 80-110 °C ,L
Ar—=——X + AN + Nays-9H,0 ——> Ar/\n/ R,
R DMF, 8h S
(1 equiv.) (1.5 equiv.) (1.5 equiv.) o5
94 X=Br, Cl 13

28 examples
63%~92% yield

Ar= Ph, X-substituted phenyl (X=halogen, Me, MeO, Et, EtO, OH, Ac, CONH,, ethylcyclohexyl),
Thienyl, Pyridyl

R4=R,= Me, Et, Pr, Bu, Bn; R{=Bn, R,= Me, Et; R4=Pr, Ry= Et; R= H, Ry=Pr, Bu;

HNR4R,= morpholine, thiomorpholine, pyrrolidine, tetrahydroisoquinoline

Scheme 38. NaS-mediated synthesis of 2-arylethanethioamides in DMF by Jiang and co-workers [61].
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Doddi and co-workers used sodium sulfide and N-substituted formamide in a three-
component transformation of gem-dibromostyrenes (Scheme 39) [62]. A series of
2-arylethanethioamides 96 were obtained in fair-to-excellent yields in the absence of any
catalyst. The authors indicated that the transformation starts by the formation of an
intermediate alkyne.

R

]
o 120 C \
Ar/\(Br + H)J\N’R1 + NaS-9H,0 —— > Ar/ﬁ( R,
Br ' S
Ro
(1 equiv.) (1 ml) (2.5 equiv.) 96
68 8 31 examples

45%~91% yield

Ar= X-substituted phenyl (X=halogen, Me, MeO, Pr, EtO, OH, CN, NO,), Thienyl, Furyl, Naphthyl,
anthryl, pyrenyl
R1= R2= Me, R1= H, R2= Ph

Scheme 39. NayS-mediated synthesis of 2-arylethanethioamides by Doddi and co-workers [62].

3.3. Sodium Disulfide as a Sulfuration Agent

Sodium disulfide is a water-soluble yellow salt. Sodium disulfide is not stable and
causes the release of H,S in the air and light. Though unstable, it can be a useful sulfur
source for thionylation reactions, such as in the transformation of quaternary ammonium
salts and amides reported recently by Cheng and his colleagues [63]. They developed
a catalyst-free protocol towards aryl thioamides 98 involving aryl trimethyl ammonium
iodide, N-substituted formamides, and aqueous sodium disulfide (Scheme 40). This trans-
formation gave the expected thioamides in moderate-to-good yields with high functional
group tolerance. In their study, several inorganic sulfur sources were compared, including
elemental sulfur, sodium sulfide, potassium sulfide, and sodium disulfide. The advantage
of sodium disulfide was to provide good results without additional oxidant required.

(0] . S
+/ Ny, 130 °C
ArAT\ I . H)J\N’R1 v Naps, 27 7 Ar)kN/R1
[lQ H,O |
(1 equiv.) (10 equiv.) (13 equiv.) 98
97 8 46 examples

44%~97% yield

Ar= Ph, X-substituted phenyl (X=Br, Me, MeO, NH,, CF3), Thienyl, Pyridyl, Pyrrolyl
R1= R,= Me; R4= H, Ry= Ph, Me, Cyclohexyl, Cyclopentyl, Bn, Et; NR{R,= Morpholinyl, Piperidinyl

Scheme 40. Na;Sy-mediated synthesis of aryl thioamides by Cheng and co-workers [63].

4. Recent Practical Improvements of Other Thionylation Methods

Though less attractive with respect to cleanness and toxicity, we want to mention
some efforts which have been made for improving other traditional methods, namely, the
use of P4S;p or Lawesson’s reagent, and reactions of organosulfur compounds, as these
methods offer in some cases a shorter option with respect to the access to the substrate
itself. For example, as the LR is inefficient at relatively high temperatures due to its rapid
decomposition, Svensson and co-workers [64] used P4S;¢ in pyridine as a thionating agent
in DMSO at high temperatures. In the workup procedure, the remaining thionating reagent
can be transferred to solvents by addition of water and the target products can be easily
obtained with high purity by recrystallization. Organosulfur is also a well-documented
source of sulfur to construct thioamides, especially thiols [65], disulfides [66—68], and
thiourea [69], primary or secondary thioamides [70,71], and 1,2,3-thiadiazoles [72]. How-
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ever, organosulfur compounds are featured as catalyst poisons for transition metals due
to their ability to coordinate metallic species [73], which sometimes limits their applica-
tion. Overcoming these drawbacks has thus been an aim, as in some protocols based on
transition-metal-free transamidation reactions, operationally simple and broadly functional
group-compatible [70,71].

The transamidation reaction of thioamides has also been recently considered as a sensi-
ble solution for the synthesis of substituted thioamides. In 2021, Zeng and co-workers [70]
applied NaOTs as promoter to activate unsubstituted thioamides towards new C-N bond
formation (Scheme 41), which provides a simple pathway to access substituted thioamides.

S S
1 equiv. NaOTs _R
NHy +  RNH, - N
toluene, 130 °C H
(1 equiv.) (2 equiv.) 100
99 2 4 examples
74~89% yield

R= Bu, i-Bu, Hexyl, Bn
Scheme 41. Transamidation of aryl thioamides by Zeng and co-workers [70].

In the same trend, Szostak and co-workers reported in 2022 a simple and direct method
for transamidation of N-tert-butoxycarbonyl aryl thioamides 101 based on the uncommon
cleavage of the C(S)-N bond under mild conditions [71]. This process occurred well in the
presence of NaHMDS, whereas other bases (NaOH, KO-t-Bu, n-BuLi) were found ineffective
in this reaction (Scheme 42). This protocol is broadly compatible with different functional
groups, thus offering an interesting alternative for the construction of substituted thioamides.

S
S
.R 3 equiv. NaHMDS
)k Ry + HNT® q - ArJ\N/Rz
Ar N ' |
| Ro Toluene, rt R
Boc 3
(1 equiv.) (2 equiv.) 102
101 13 100 examples
R4 = Boc, Ph, Me, Bn up to 97% yield

Ar= Ph, X-substituted phenyl (X=ClI, F, Me, MeO, CF3), Furyl

HNR,R3= aniline, aniline derivatives, 3-aminopyridine, 2-aminopyridine and its derivatives,
pentylamine,5-aminoprazole derivative, 4-aminopyrimide, 4-aminoisoxazole derivative,
2-aminoquinoline derivative, 2-amino-5-methyl-1,3,4-thiadiazole, 2-aminobenzothiazole

Scheme 42. Transamidation of aryl thioamides by Szostak and co-workers [71].

Regarding P45 and Lawesson’s reagent, which often produce toxic phosphor-containing
aqueous chemical wastes and require tedious procedures, some improved work-ups have been
proposed. Recently, Hu and co-workers [74] developed an efficient work-up for their thionation
reactions with LR by a treatment of ethylene glycol (Scheme 43) which avoided purification by
column chromatography and the generation of phosphor-containing aqueous waste.

0 1) LR (0.55 equiv.), toluene,
reflux, 2.5 h /©/
N 2) ethylene glycol/H,0,
©)\H ) ethylene glycol/H; _OCH,CH,0H

. 95°C, 3.5h
(1 equiv.) 3) toluene/heptane OCHchon
103 recrystallization 104, yield 79% 105

Scheme 43. Thionation reactions with LR by Hu and co-workers [74].
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5. Conclusions

While advanced chemical synthesis techniques for directly preparing thioamide moi-
eties have become common, there is an increasing interest in efficient and more practical
methods applied to thioamide-containing natural products. However, sulfur incorporation
in organic molecules remains a challenge from the practical viewpoint. In this review,
we have tried to highlight some recent studies which all try to improve the feasibility of
the preparation of thioamides, which are very important targets in organic and medicinal
chemistry. Focusing first on elemental sulfur, which is by far the most practical and clean
reagent, we have highlighted numerous very useful methods which continue to widen the
scope of substrates, solvents, catalysts, and the remarkably wide scope of possible targets.

Many protocols performed in water or solvent-free conditions provide various types
of thioamides in high yields, which makes their process clean and significantly improved in
the context of more environmentally friendly chemical transformations. The transamidation
of thioamides appears also as a sensible alternative as it is operationally easy, user-friendly,
and conducted under rather mild conditions, though necessitating the addition of base.
The ability of a transformation to be performed on a very complex substrate is of high
importance. Thus, the processes which exhibit wide functional group tolerance are the most
attractive ones as they can be applied to the late-stage functionalization of drug candidates.
Important also is the ability to preserve chirality of chiral substrates, and in this regard, the
presence of catalysts remains often essential.

These methods, more practical and already quite general, can though still be improved
with respect to the amine substrate scope, some of them such as aliphatic primary amines
remaining more challenging. Other methods, yet not as ideal as compared to elemental sul-
fur, have also been mentioned when some kind of improvement is proposed. Overall, these
new protocols and methods open up new chances to discover unconventional reactions for
thioamides and their derivatives.
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Abstract: Perylenediimides (PDIs) are composed of a central perylene ring, on which are grafted two
imide groups at the peri positions. Thionated PDIs are characterized by the substitution of one or
more oxygen atoms of these imide functions with sulfur atoms. This structural modification alters
the electronic properties with a redshift of the optical absorption accompanied by modification of the
charge transport characteristics compared to their non-thionated counterparts. These properties make
them suitable candidates for applications in optoelectronic devices, such as organic light-emitting
diodes and organic photovoltaics. Moreover, the presence of sulfur atom(s) can favor the promotion
of reactive oxygen species production for photodynamic and photothermal therapies. These thionated
PDIs can be synthesized through the post-functionalization of PDIs by using a sulfurizing reagent.
Nevertheless, the main drawbacks remain the difficulties in adjusting the degree of thionation and
obtaining tri- and tetrathionated PDIs. Up to now, this thionation reaction has been described almost
exclusively using Lawesson’s reagent. In the current study, we present our first investigations into an
alternative reagent to enhance selectivity and achieve a greater degree of thionation. The association
of phosphorus pentasulfide with hexamethyldisiloxane (Curphey’s reagent) clearly demonstrated
higher reactivity compared with Lawesson’s reagent to attain multi-thionated PDIs.

Keywords: perylenediimide; thionation; phosphorus pentasulfide

1. Introduction

Perylenediimides (PDIs) are among the most interesting polycyclic aromatic hydro-
carbon structures for chemists, physicists and materials scientists [1,2]. These molecules
are composed of a central perylene ring on which are grafted two imide groups at the 3,4
and 9,10 positions (Figure 1). Interest in them continues to grow because they combine
thermal and photostability, as well as remarkable optical properties, with a high absorption
coefficient and fluorescence quantum yield close to unity. They exhibit strong electron-
accepting character with their two electron-withdrawing imide moieties on each side of the
perylene backbone and, consequently, they are now considered as one of the best n-type
semiconductors, making them ideally suited to applications in organic electronics [3,4], in
particular for their use in organic field-effect transistors (OFETs) [5], organic light-emitting
diodes (OLEDs) [6] and organic photovoltaic (OPV) [7-10] devices. However, academic
interest has increased in recent years toward the development of new PDI derivatives
focusing on biological applications [11-13], and their photochemical properties are now
widely exploited for developing novel systems for applications in bioimaging, photody-
namic therapy (PDT) and photothermal therapy (PTT) [14,15]. Certainly, organic chemistry
has played a pivotal role in the development of synthetic strategies for the advancement
of such applications [16]. Indeed, it is well-established that optoelectrical properties can
be modified significantly by the introduction of substituents in the bay (1, 6, 7 and 12)

Molecules 2024, 29, 2538. https:/ /doi.org/10.3390/molecules29112538 119

https:/ /www.mdpi.com/journal /molecules



Molecules 2024, 29, 2538

and ortho (2, 5, 8 and 11) positions. Whereas PDI derivatives were firstly reported in
1913 [17], transformation in the thionated analogs by the substitution of the oxygen atoms
of both imide groups with sulfur atoms was only reported and patented almost a century
later [18]. It has been demonstrated that the optoelectronic properties depend directly
on the degree of thionation and the high potential of these thionated PDIs for specific
applications in materials science. In the first part, we present an overview of the methods
to synthesize thionated PDIs, showing that this post-functionalization of PDIs has been
almost exclusively limited to the use of Lawesson’s reagent to transform imide groups
into thioimide groups. In the second part, we describe our initial research into the devel-
opment of new thionation methods with the aim of obtaining greater selectivity, given
that a mixture of monosubstituted PDI-1S, disubstituted PDI-2S-cis and PDI-2S-trans,
trisubstituted PDI-3S and tetrasubstituted PDI-4S is conventionally obtained.
R R R R

) ) . . . . }
0. N (o] N (o] N o N o N N (S)0. N

o7 N [¢] o7 N (¢} l}l [¢] [¢) r;j rlu (¢} r;l (5)0 Ql 0 (5)
R R R R R R
PDI PDI-1S PDI-2S-cis PDI-2S-trans PDI-3S PDI-4S

Figure 1. Representation of perylenediimide (PDI) and its thionated derivatives.

2. Overview of the Synthesis of Thionated Perylenediimides

Thionation is a suitable and efficient method for the substitution of an oxygen atom
of the carbonyl group with a sulfur atom, using a wide range of thionating reagents such
as elemental sulfur (Sg) [19], hydrogen sulfide [20], phosphorus pentasulfide (PS5 or its
dimer phosphorus decasulfide P45;¢) [21,22], Lawesson’s reagent (LR) [23-26], Davy’s
reagent [27], Heimgartner’s reagent [28], Curphey’s reagent (P4S19 with hexamethyldis-
iloxane HMDSO) [29-31], Bergman’s reagent (P4S;o/pyridine) [32,33], Kaushik’s reagent
(P4S19/ Al,0O3) [34], Bernthsen’s reagent (Sg /1) [35], and bis(trimethylsilyl)sulfide or hex-
amethyldisilathiane (HMDST) (Figure 2) [36].

RN RSE\\P/S\P—SR
MeO PCRS OMe N
S s S

S
S

R = Me, Et, iPr, Bu Si\\P/ \P—
Lawesson's reagent Davy's reagent \S/ \\S
S
1]
P< - ( :
S S S S S Heimgartner's reagent

Sal I - Ny _e_p” N e
SpY__pag T 2 PSR 2 PSR
-y S S S S S
STRgS

P4S10 (PzS5 dimer)
Figure 2. Usual reagents for the thionation of carbonyl groups.

Among these methods, firstly reported by Lecher et al. in 1956 [37], LR as a phosphorus—
sulfur compound has been the most popular for several decades. The LR-mediated thiona-
tion reaction is widely used due to its reliability, efficiency, and compatibility with various
functional groups. It was successfully applied for the conversion of alcohols, carboxylic
acids, ketones, esters and amides. Typically, the thionation reaction involving LR pro-
ceeds under mild conditions, usually in an appropriate solvent, often toluene, xylene or
dichloromethane. However, LR can release toxic hydrogen sulfide gas upon exposure
to water or moisture and is unstable in solution at temperatures above 110 °C with slow
decomposition [37,38]. The mechanism of the thionation reaction using LR involves the for-
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mation of a highly reactive dithiophosphine ylide that can react with the carbonyl function
to form a thiaoxaphosphetane intermediate that evolves into a Wittig-like reaction to give
the corresponding thione derivative. This mechanism clearly indicates that each equivalent
of LR is capable of delivering two sulfur atoms per reaction (Scheme 1).

S 8. Sy TS+
MeO PP OMe =—= 2 °p OMe =—> 2 ’p OMe
7\ Z 2
S s s S

Scheme 1. Mechanism of thionation using Lawesson’s reagent.

As a preamble to the development of the thionation of PDI derivatives, it is important
to point out that the thionation reaction of imides has only been described in rare cases [25].
Nevertheless, the first study of the thionation reaction of cyclic imides should be high-
lighted [39]. Thionation in the phthalimides and naphthtalimides series using LR led to
mono- and dithioimides in good yields thanks to the high polarity of carbonyl groups. But,
on the other hand, steric hindrance on the nitrogen atom of the imide group was shown to
strongly inhibit the replacement of the oxygen atom with a sulfur atom.

The first synthesis of thionated PDI derivatives was patented by A. Fachetti and
coll [18]. Thionation was carried out starting from a PDI derivative substituted with
(S)-1-methylhexyl chains at the imide positions and using LR in 1-methylnaphthalene
at 180 °C for 30 min (Table 1, entry 1). Thionated PDI derivatives were separated by
silica gel chromatography using toluene as the eluent, from the less polar PDI-4S (Rf =
0.92), then PDI-3S (Rf = 0.83), PDI-2S-trans (Rf = 0.67), PDI-2S-cis (Rf = 0.50) to the more
polar PDI-1S (Rf = 0.23). Optical properties were determined in chloroform, showing a
bathochromic shift of the Agnset Which increases with the number of sulfur atoms, PDI-4S
(A =765nm, Eg = 1.62 eV), PDI-3S (A = 710 nm, Eg = 1.75 eV), PDI-2S5-trans (A = 645 nm, Eg
=1.92 eV), PDI-2S-cis (A = 645 nm, Eg = 1.92 eV), and PDI-1S (A = 605 nm, Eg = 2.05 eV), to
be compared with PDI starting material (A = 540 nm, Eg = 2.30 eV). Then, this study focused
on the production of the PDI-2S-trans isomer from PDI derivatives diversely substituted
on the imide position using (R)-1-methylheptyl (25% yield), racemic 1-methylheptyl (22%
yield), 1,3-dimethylbutyl (17% yield), 2-octyldodecyl (25% yield) groups. It should be noted
that Davy’s reagent was investigated here as an alternative to the LR yielding PDI-2S-cis
and PDI-2S-trans compounds in 26% and 27% yield, respectively (Table 1, entry 2), or to
PDI-2S-trans in 22% yield for the 1,6 and 1,7 mixture of dicyanoPDI derivative (Table 1,
entry 3) [18].

A few years later, in 2014, D. S. Seferos and coll. nicely synthesized a series of thionated
PDIs using LR in refluxing toluene giving from PDI-1S to PDI-3S in 10-24% yield (Table 1,
entry 4). A larger excess of LR and extended reaction time was required to attain PDI-4S
compound in 29% yield (Table 1, entry 5) [40]. It was noted that the recrystallization of
LR from toluene improved yields of the thionation reaction. Additionally, the effect of
stoichiometry and the reaction time were studied by C.E]. Faul and coll. who carried out
the synthesis of thionated PDIs in order to investigate the effects of heteroatom substitution
in supramolecular polymer systems (Table 1, entry 6) [41]. The best results were obtained
using LR in large excess (8 equivalents) and refluxing in toluene for 48 h.

The degree of thionation can be easily determined by 'H NMR spectra (Figure 3), with
an exception for PDI-2S-cis and PDI-2S-trans, for which 2D NMR was required for the
assignment of the two isomers [40].
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Table 1. Reported experimental conditions and yields in thionated PDI derivatives (Tol.: Toluene;
1-MeNaphth.: 1-Methylnaphthalene; Xyl.: Xylene; 0-C¢H4Cl,: o-dichlorobenzene; LR: Lawesson’s
reagent; DR: Davy’s reagent; MW = Microwave).

, Experimental Yield
Entry R R Conditions PDI 1S to 4S Ref
PDI-1S: < 5%
LR (2.7 eq.) PDI-2S cis: 20-30%
1 H 1-MeNaphth., PDI-2S trans: 29% [18]
CyHy 180 °C,30min  PDI-3S: 1%
PDI-4S: traces
DR (2 eq.) .
5 PDI-2S cis: 26%
2 -CH(CH2CH3)2 H 0-C6H4C12, 180 C, PDI-ZS trans: 270/0 [18]
7 min ’
DR (2.2 eq.)
3 §—< ?7“.(1'6 ano)l 0-C¢H,Cly, 180 °C, PDI-2S trans: 22%  [18]
CyHy +/ 150METS 15 min
PDI-1S: 10%
PDI-2S cis: 13%
C.H
4 §_\_< o H ol Lfl (()zo‘éq')l g1, ~PDI2Strans:17%  [40]
CgH, O ' PDI-3S: 24%
PDI-4S: traces
g C.H -3S: 13%
5 _\_< stis H LR (5 eq) PDI-3S: 13% (40]
Tol., 110°C,50 h  PDI-4S: 29%
C81_117
oo, PDI-1S: 21%
6 ?KQY@%% H ol Lfl (()SOqu.ZLS .,  PDI-2Scis: 10% [41]
I v ! PDI-2S trans: 9%
/ N\
NP LR (6 eq.) 1,7-PDI-4S: 16%
_ €q. /= -4 ()
7 Caby (and 1,7  Tol,110°C,48h  1,6-PDI-4S: 17% [42]
isomers)
PDI-1S: 13% and 9%
Br LR (4 eq.) .
8 -C¢Hyy . . PDI-2S cis: 11% [43]
1,7 isomer Tol., 85 °C,36 h PDI-2S trans: 15%
LR (10 eq.) PDI-2S cis: 5.4%
9 “CH(CeHis) H Tol., 110°C,18h  PDI-2S trans: 10.9% [44]
g - IR (deq) PDI-1S: 10% .
10 C.H Xvl.. MW 150 W PDI-2S trans: 15% 45
et (1,6,7,12 tetra Y. " PDI-3S: 19% [45]
substituted) 103 °C, 20 min PDI-4S: 24%
LR (6 eq.) PDI-1S: 20%
11 -CH(C,Hs), H Tol., 110 °C, PDI-2S cis: 30% [46]
overnight PDI-2S trans: 35%
PDI-1S: 10%
LR (6 eq.) PDI-2S cis: 18%
12 § H Tol., 110 °C, PDI-2S trans: 19%  [46]
overnight PDI-3S: 15%
PDI-4S: 9%
LR (6 eq.) PDI-1S: 20%
13 -C¢Hy; '?I;I.'Cf“ Tol., 110 °C, PDI-2S-trans: 35%  [47]
7 1Somer 3 days PDI-3S: 12%
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Figure 3. '"H NMR spectra of the aromatic part of PDI (P) (R = 3-hexylundecyl chain) and its
corresponding thionated derivatives PDI-1S (S1), PDI-3S (S3), PDI-4S (S4), and partial ROESY
spectra of PDI-2S-cis (cis-S2) and PDI-2S-trans (trans-S2), recorded in CDClj3 at 25 °C. Reproduced
with permission from reference [40]. Copyright 2014 American Chemical Society.

All thionated PDIs are characterized by an absorption maximum ranging from 574 nm
for PDI-1S to 706 nm for PDI-4S (Figure 4, Table 2), but none of them exhibit fluorescence.
The presence of a single C=S functional group is sufficient to completely quench PDI
emission due to a rapid and highly efficient intersystem crossing (ISC) to a triplet state, this
phenomenon being independent of the degree of thionation and attributed to a reordering
of the molecular electronic structure.
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Figure 4. Normalized optical absorption spectra in CHCl3 solution of PDI (P) and its corresponding
thionated derivatives PDI-1S (S1), PDI-2S-cis (cis-S2), PDI-2S-trans (trans-S2), PDI-3S (S3) and
PDI-4S (S4). Reproduced with permission from reference [40]. Copyright 2014 American Chemi-
cal Society.
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Table 2. Optical and electrochemical data of PDI and its thionated derivatives from reference [40].

Compound Amax (nm)  Optical Band Gap (eV) EY2 4, (V)  EY2_4, (V)
PDI (P) 526 2.25 —0.68 —0.91
PDI-1S (51) 574 2.06 —0.55 —0.72
PDI-2S-cis (S2-cis) 616 1.91 —0.48 —0.57
PDI-2S-trans (S2-trans) 615 1.90 —0.51 —0.61
PDI-3S (S3) 663 1.78 —0.36 —0.45
PDI-4S (54) 706 1.64 —023 —033

Both calculated and experimental HOMO/LUMO energies confirmed the slight in-
crease in HOMO energies and the sharp decrease in LUMO energies with increasing sulfur
atoms, which justifies the redshift of the maximum absorption (Table 3). Moreover, the
influence of the sulfur atoms on the electronic structure and their significant contribution
in comparison to the oxygen of diimide groups were achieved.

Table 3. Experimental and calculated (in parentheses) HOMO/LUMO energies of thionated deriva-
tives from reference [40]. Copyright 2014 American Chemical Society.

Compound HOMO (eV) LUMO (eV)
Ly 2 @ oD W e
PDI (P) —592(—6.23) & 0"'0;- 4 —3.67(=3.76) P o:» :a :. %
A1k e e
,o““o‘ o @ W e,
PDI-1S(S1)  —5.85(—6.15) ““ea? ‘“'w,‘ —3.80 (—3.88) 3:%:
A Ld Taae
1 ; & P e,
PDI-2S-cis . °“",5{ 3o X X %
(S2-cizy ~578(—6.09) % &‘ " ' ~387(-399) % g ‘e
bl A I K
e Q4 9, 0@ W,
(Pslg}tfjntsgans —5.74 (—6.08) ,33 ..‘“ '%‘. P _384(-397) ,,f.=,=, :, »
A 14 e
RPTY I ) o @ W@
PDI-3S(S3)  —577(—6.04)  “*¢ " 3 399(-407) i
Ca LA L) o ® 9
24909, Ty
PDI-4S (S4) —576(~598) e e 2et.  —412(-415) Heg'w e’
LA L e m >

Furthermore, D.S. Seferos and coll. demonstrated that thionation led to an increase in
thin-film transistor electron mobility by two orders of magnitude from PDI-40 to PDI-4S
(0.16 cm?-V~1.s71) [48]. This synthetic strategy was later expanded in the naphthalenedi-
imide (NDI) series to attain S1 to S4 compounds, replacing the branched 3-hexylundecyl
chain by a linear dodecyl chain for studying the influence on solid-state packing [49]. Inter-
estingly, the rate and extent of thionation was increased by heating the reaction mixture
more efficiently and at higher temperatures using microwave irradiation to reach thionated

NDI derivatives [50].

While the introduction of electron-withdrawing groups into the PDI bay region de-
creases the energy level of the lowest unoccupied molecular orbital (LUMO), thus increasing
the n-type semiconducting character [51,52], the substitution with strong electron-donating
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groups induces a significant redshift in absorption combined with the fluorescence quench-
ing arising from the electron transfer between the donor groups and the PDI framework. In
further developments of thionated PDIs chemistry, N.R. Champness and coll. combined
functionalization with electron-donating morpholino groups at the 1,6 and 1,7 bay positions
(Table 1, entry 7) and the full thionation of the imide functions to extend absorption in the
near infrared (NIR) region (864 nm for the 1,7-PDI-4S isomer and 838 nm for the 1,6-PDI-
4S isomer in dichloromethane solution (Figure 5) [42]. Moreover, spectroelectrochemical
experiments recorded in o-dichlorobenzene showed absorption bands at 1568 nm and
1491 nm for the anion-radical species of 1,7-isomer and 1,6-isomer, respectively. These
radical anions were more extensively studied by P. Mukhopadhyay and coll. who pre-
pared PDI-1S isolated as two isomers and PDI-2S-cis and PDI-2S-trans (Figure 5) starting
from 1,7-dibromoPDI material (Table 1, entry 8) [43]. Remarkably, it was shown that the
stability of the radical anion increases with the degree of thionation (the highest 18.8 h
for PDI-2S-trans), with the vacant d orbital of the sulfur atom playing a crucial role in the
delocalization of the unpaired electron, thus stabilizing the reduced species.

C4Hg ?4“9

?SHH ?eHn CgH1y CeH11
| |
N ~° NN o _N_ _s O NS
Br Br Br Br’
Br Br Br Br
o” 'N" "o o7 "N 7o 0”7 N s sZ N o
| |
CeH11 CeHys CgH14 CeH1q

Figure 5. Syntheses of 1,6- and 1,7-isomers of dimorpholino PDI-4S [42], and PDI-1S (two isomers),
PDI-2S-cis and PDI-2S-trans from 1,7-dibromoPDI [43].

While these thionated PDI derivatives were designed for use in organic electronics,
their synthesis presents notable challenges, resulting in relatively average yields and
low selectivity. These factors currently inhibit their large-scale synthesis. More recently,
opportunities for their application in PDT and PTT have emerged and aroused growing
interest. This is particularly relevant with the very recent progress made in the development
of heavy-atom-free photosensitizers (HAF-PSs) because of their potential biocompatibility
and prospective applications in PDT [53-58]. Indeed, these PDT materials, incorporating
sulfur instead of oxygen atoms, are likely to promote ISC, leading to the generation of
triplet excitons for reactive oxygen species (ROS) generation. Dithionated PDIs with 1-
hexylheptyl imide chains were synthesized by Y. Huang and coll. using LR in refluxing
toluene, giving PDI-2S-cis and PDI-2S-trans in 10.9% and 5.4% yields, respectively (Table 1,
entry 9) [44]. Polyethylene glycol-based nanoparticles incorporating these dithionated PDIs
were prepared to target tumor tissues via the enhanced permeability retention (EPR) effect.
Corresponding PDI-2S-trans-based nanoparticles were shown to induce photothermal
depression on A549 cells under 660 nm light irradiation both in vitro and in vivo, with
a higher photothermal conversion efficiency (PCE) of 58.4% compared to 41.6% for PDI-
2S-cis based nanoparticles. Furthermore, PDI-2S-trans based nanoparticles were shown
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to generate ROS upon 660 nm laser irradiation, demonstrating an inhibitory effect on
tumor growth.

The thionation of the PDI backbone substituted by four 4-tert-butylphenoxy groups
on the bay region was investigated by M. Yin and coll. (Figure 6) [45]. The synthesis was
carried out using LR in xylene under microwave irradiation (Table 1, entry 10).
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Figure 6. 1,6,7,12-tetra-p-tertbutylphenoxy PDI and corresponding thionated derivatives.

Using 1,3-diphenylisobenzofuran as a probe to measure singlet oxygen (O,) genera-
tion and comparing with the photosensitizer methylene blue standard, the 'O, quantum
yields in these 4-tert-butylphenoxy bay-substituted PDIs were shown to gradually decrease
with an increase in the thionation degree (Table 4).

Table 4. Optical data and photosensitizing properties of PDI and its thionated derivatives from
reference [45]. Measurements were obtained in dichloromethane (DCM), and 10, quantum yields
were determined according to methylene blue (&5 = 57% in DCM).

Compound Amax (nm) Optical Band Gap (eV) ®p1. (%) Dy (%)
PDI 575 2.31 0.92 1
PDI-1S 623 2.13 - 95.6
PDI-2S 666 1.99 - 45.8
PDI-3S 719 1.81 - 111
PDI-4S 769 1.68 - 0.5

This study demonstrated the remarkable capabilities of thionated PDIs in various
biomedical applications. By highlighting the influence of the degree of sulfur substitution
on !0, generation and photothermal conversion efficiency, as well as the link with the ISC
rate constant, the in vitro experiments showed that PDI-1S, with its enhanced photody-
namic capacity, could be used in tumor phototherapy, while PDI-4S might be more suitable
as a photothermal and photoacoustic agent in tumor theranostics (Figure 7).

S,

So

[ roro PDI-1S PDI-2S _

Figure 7. Representation of phototheranostic effects through the degree of PDI thionation (A: ab-
sorption, FL: fluorescence, TR: thermal radiation, ISC: intersystem crossing, PA: photoacoustic).
Reproduced with permission from reference [45]. Copyright 2021 Royal Society of Chemistry.
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The thionation of PDI substituted with 2-ethylpropyl groups (Table 1, entry 11) and
2,6-dimethylphenyl groups (Table 1, entry 12) on the imide positions was carried out us-
ing LR in refluxing toluene by P.T. Chou and coll [46]. It was noted from the last series
that there was an increase in the extinction coefficient with the number of sulfur atoms
(PDI-1S: Amax = 575 nm, € = 29,200 M~ !-.cm ™! in toluene; PDI-2S-cis: Amax = 610 nm,
¢ = 64300 M~!.cm™!; PDI-2S-trans: Amax = 610 nm, ¢ = 47,700 M~!-cm~!; PDI-3S:
Amax = 660 nm, € = 66,200 M~1.cm™!; PDI-4S: Apax = 700 nm, € = 97,700 M~ '.cm™1).
In addition, the ability of PDI-1S to act as a photosensitiser was exploited with its cou-
pling with FC131 and Cy5 peptides. The key synthetic step was using an LR-mediated
thionation in refluxing toluene giving a PDI-1S intermediate in 34% yield, which was
post-functionalized with the FC131 peptide grafted on each imide position affording the
FC131-PDI-15-FC131 triad (Figure 8). This thionated PDI was also linked, on one imide
side, with peptide FC131, and on the other side, with cyanine5 dye, yielding an FC131-
PDI-15-Cy5 assembly. In vitro and in vivo evaluations confirmed the selectivity of these
assemblies as active materials in PDT by exhibiting strong two-photon absorption and
imaging capabilities of notable anticancer effects, with evidence of exceptional in vivo
antitumor efficacy in A549 xenografted tumor mice.

o
o (o}
L o N N o P
FC131 O 3 3O FC131 or Cy5
o o

FC131-PDI-1S-FC131 or FC131-PDI-1S-Cy5

Figure 8. Structures of FC131-PDI-1S-FC131 and FC131-PDI-1S-Cy5 assemblies.

As previously mentioned, the introduction of the less electronegative sulfur atoms on
the imide groups leads to a significant extension of the absorption in the long wavelength
region. The combination of this phenomenon with an intramolecular charge transfer (ICT)
resulting from the introduction of amino groups in the bay position should induce a syner-
gistic shift towards the NIR spectrum. Density Functional Theory (DFT) calculations of
the tetrathionated PDI-bearing cyclohexylamino groups in the 1,7 positions showed the
high impact of thionation on the LUMO energy level, with a maximum absorption band
calculated at 1085 nm (LUMO: —3.72 eV) to be compared with the tetraoxygenated PDI
analog presenting an absorption band at 732 nm (LUMO: —3.10 eV), the latter presenting a
maximum absorption at 654 nm in dichloromethane solution [59]. Sun and coll. demon-
strated this phenomenon with the synthesis of corresponding PDI-1S (Amax = 746 nm
in DCM), PDI-2S-trans (Amax = 795 nm) and PDI-3S compounds, the latter exhibiting a
remarkable Apmax = 854 nm (Table 1, entry 13) [47]. The authors showed 10, generation by
these PDIs under 650 nm laser irradiation. In order to solve the problem of solubility in
water, silica nanocapsules (SNCs) with encapsulated PDIs were formulated. These PDI-
3S@SNC exhibited a remarkable power conversion efficiency (PCE) reaching 88% under
808 nm laser irradiation. Additionally, an exceptional photothermal effect under 1064 nm
laser irradiation was observed, highlighting its potential as an NIR photothermal agent.

3. Investigations of Novel Reagents in Thionated Perylenediimides Synthesis

Lawesson’s reagent (LR) is a widely used tool for the synthesis of thionated com-
pounds, and especially thionated PDIs. Our primary objective was to find an effective
alternative for enhancing selectivity and yields for the less available PDI-3S and PDI-4S
compounds. At that point, we decided to investigate this thionation reaction, focusing our
research on the phosphorus pentasulfide (P,Ss or its dimer phosphorus decasulfide P4S1)
reagent. LR and P45;¢ are both commonly used reagents in organic synthesis for converting
carbonyl compounds to thiocarbonyl analogs. While both reagents serve a similar purpose,
some advantages of using LR over P4S;g are commonly described. It is often noted that LR
proceeds in milder reaction conditions and in a shorter reaction time compared to P4Sqp.
Moreover, LR is described to provide cleaner reactions with fewer side products compared
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to P4S1, leading to higher yields and easier purification of the desired product. Concerning
the functional group compatibility, LR is generally more compatible with a wider range of
functional groups present in the substrate molecule compared to P4S;. For instance, LR
reagent is less likely to react with sensitive functional groups such as esters and amides.
Finally, LR has a relatively milder odor compared to P4S;9, making it more “pleasant” to
work with in the laboratory.

The ancestor thionation reagent P4S19 was first used in 1869 by Henry [60] and Wisli-
cenus [61]. Then, A.W. Hofmann described, in 1878, the transformation of carboxamides
into thionoamides, exemplified by the conversion of formanilide into thioformanilide [62].
Due to its low solubility, the reaction is normally carried out with an excess of P4Sqg in
refluxing solvent which includes toluene, xylene, dioxan, dimethoxyethane, pyridine and
dichloromethane. Furthermore, it was demonstrated that reaction times and reaction
temperatures can be reduced significantly when using ultrasound for thionation reaction.
Under ultrasound conditions, the use of P4S1o has been reported to be more selective than
LR, producing no reaction side-products [63].

In this initial investigation of a novel thionation method, several PDI derivatives were
selected as starting materials (Figure 9). PDI derivatives A and B bearing 2-ethylpropyl
and 2,6-dimethylphenyl groups as imide substituents were chosen for comparison with
thionated compounds obtained using LR and described in the literature. These compounds
were prepared by reacting perylene 3,4,9,10-tetracarboxylic dianhydride (PTCDA) with the
corresponding amine in imidazole at 150 °C, then purified by column chromatography and
precipitated in a mixture of dichloromethane and methanol [64,65]. Compound C, prepared
as reported in the literature [66], was studied to verify the feasibility of the new procedure,
with a hindered PDI tetrasubstituted in the bay region. In addition, this compound can
be used to demonstrate the electronic impact of electron-donating tetraphenoxy groups
by the mesomeric effect on the reactivity of the thionation reaction. Finally, we proposed
PDI D, synthesized according to the described procedure [65], bearing a strong electron-
withdrawing nitro group in the bay region that is also extremely sensitive to substitution.
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Figure 9. PDI derivatives diversely substituted in the imide and bay positions used in this study.

Initial attempts using P45 as the sole reagent in refluxing toluene or xylene quickly
proved unsuccessful when the reaction was carried out on compound A. So, we natu-
rally turned to Curphey’s reagent (CR), which combines P4S;¢ and hexamethyldisiloxane
(HMDSO). The combination of P4S19 and HMDSO is described to efficiently convert esters,
lactones, lactams and ketones to their corresponding thionated derivatives in yields com-
parable or superior to those obtained with LR [30]. As our main goal was to optimize the
thionation reaction in order to obtain the PDI-4S derivative as efficiently as possible, we
considered the following stoichiometry presented below (Scheme 2). In this multi-variable
optimization study, 0.5 mmol of PDI was employed in anhydrous toluene or xylene (40 mL)
at 110 °C or 150 °C, respectively. Consequently, the stoichiometric conditions required
0.33 mmol of P4Sqg and 1.66 mmol of HMDSO.
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Scheme 2. Stoichiometry of the reaction converting PDI A into its corresponding thionated PDI-4S.

The first objective aimed to compare reactions carried out with LR (Table 5, entry 1) or
CR (Table 5, entry 2). Under the same reaction conditions, i.e., for 24 h at reflux in toluene,
the reaction carried out with LR (6 equiv.) led mainly to the formation of compound PDI-1S
(35%) alongside small quantities of PDI-2S-cis (9%) and PDI-2S-trans (8%). The multi-
thionated compounds PDI-3S and PDI-4S were not detected, in agreement with results
described for this same compound A (Table 1, entry 11) [46]. The first investigation using
P4S19/HMDSO (CR) in the ratio defined above immediately showed that CR significantly
accelerated the thionation reaction. The characteristic purple color of the PDI-1S compound
appeared after about 30 min in refluxing toluene, followed rapidly by a blue color, indicating
the formation of multi-thionated compounds. This greater reactivity was confirmed by
the absence of starting product PDI A at the end of the reaction. Regarding work-up,
phosphorus-containing by-products were removed by a mild hydrolysis using a 5.3 M
K,COj3 aqueous solution, according to the literature [31], followed by extraction with
chloroform before purification by silica gel chromatography. Elution was carried out using
toluene as the eluent affording firstly PDI-4S (Rf = 0.96), then PDI-3S (Rf = 0.75), PDI-2S-
trans (Rf = 0.54) and PDI-2S-cis (Rf = 0.22), the PDI-2S-trans (Cyy,) isomer being less polar
than the PDI-2S-cis (Cy,) isomer. The PDI-1S derivative (Rf = 0.10 in toluene) was obtained
after elution using toluene/EtOAc (95:5) as a mixture of solvents. Whereas PDI-1S was
isolated in only 4% yield, compounds PDI-2S-cis and PDI-2S-trans were each obtained
in around 40% yield, with at their side PDI-3S in 8% yield and PDI-4S as traces (Table 5,
entry 2). It should be noted that PDI-2S-gem was detected by thin-layer chromatography
(TLC) but could not be isolated (see TLC in Supporting Information).

After obtaining this initial positive result demonstrating the potential of CR as reagent,
the influence of the solvent and temperature reaction was studied. Using xylene at 150 °C
under identical stoichiometric conditions, but in a Schlenk flask to take account of the lower
boiling point of HMDSO compared to xylene, a significant improvement was observed in
the production of the PDI-3S compound (17% yield) (Table 5, entry 3). This improvement
could also be observed when studying the effect of stoichiometry on the reaction, using a
small excess of P4S19 and HMDSO (Table 5, entry 4) or, more importantly, increasing the
quantity of HMDSO (Table 5, entry 5). In the last case, a higher yield (27%) in PDI-3S was
obtained. However, further increasing the quantity of reagents (Table 5, entry 6) and the
reaction time (Table 5, entry 7) quickly revealed certain limitations with a reduction of the
overall yield, probably resulting from the degradation process. The successive additions
of excess reagent did not significantly improve the reaction efficiency (Table 5, entry
8). Bis(trimethylsilyl)sulfide or hexamethyldisilathiane (HMDST) has been reported as a
versatile reagent in the transformation of carbonyl compounds into their thioxo analogs [36].
To our knowledge, reagents P4S19 and HMDST have never been associated with carrying
out a thionation reaction. This reagent was tested under experimental conditions (Table 5,
entry 9) allowing for comparison with results obtained using CR (Table 5, entry 4); however,
the yields obtained were inconclusive. This initial investigation involving PDI A clearly
shows the enhanced reactivity of CR compared with LR. It enabled the synthesis of a
PDI-3S derivative in significant yields, a compound which had not been described until
now. Nevertheless, compound PDI-4S could only be isolated in trace amounts.
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Table 5. Experimental results from reactions carried out using 0.5 mmol of PDI A, B, C or D in

toluene (Tol.) at 110 °C or xylene (Xyl.) at 150 °C. (nd = not detected).

Solvent, . o
Entry PDI Reagent Time Yields (%)
PDI PDI-1S PDI-2S-cis PDI-2S-trans PDI-3S PDI-4S
1 A LR (3 mmol) A Tol,, 21 35 9 8 nd nd
24 h
P4S10 (0.33 mmol) A Tol,,
2 A HMDSO (1.66 mmol) 24 h trace 4 40 42 8 trace
P451() (0.33 mmol) A Xyl.,
3 A HMDSO (1.66 mmol) 24h nd 5 33 31 17 trace
P4S10 (0.75 mmol) A Tol.,
4 A HMDSO (3.75 mmol) 24 h nd trace 28 29 20 trace
P4S10 (0.75 mmol) A Tol,,
5 A HMDSO (7.5 mmol) 24h nd 1 24 23 27 trace
P4S1p (1.5 mmol) A Tol.,
6 A HMDSO (15 mmol) 24h nd nd 12 15 7 trace
P4510 (15 mmol)
7 A HMDSO (15 mmol) A Tol., 120 h nd nd 11 18 9 trace
P4S10 (3 x 0.33 mmol) A Tol,,
8 A HMDSO (3 x 1.66mmol)  3x24h " 2 27 28 16 trace
P4S10 (0.75 mmol) A Tol,,
? A HMDST (3.75 mmol) 2%h 2 13 18 2 1 trace
10 B LR (3 mmol) A Tol, trace 13 19 15 8 5
24 h
P4S10 (0.33 mmol) A Tol,,
B HMDSO (1.66 mmol) 2%4h nd 1 14 17 20 12
P4S10 (0.75 mmol) A Tol,,
12 B HMDSO (7.5 mmol) 24h nd trace 2 2 18 32
P4S10 (0.75 mmol) A Tol.,
13 C HMDSO (7.5 mmol) 24 h nd trace trace trace trace 89
P4S1p (1 mmol) A Tol.,
14 C HMDSO (10 mmol) 24 h nd trace trace trace trace 84
P4S10 (0.75 mmol) A Tol,
15 D HMDSO (7.5 mmol) 24h nd 13 16 trace nd

The optical properties of these thionated PDI derivatives were determined in
dichloromethane solution, showing the redshift of the maximum absorption with an in-
crease in the number of sulfur atoms (Figure 10a). Corresponding absorption maxima Amax
were determined for PDI A (525 nm), PDI-1S (572 nm), PDI-2S-cis (612 nm), PDI-2S-trans
(612 nm), PDI-3S (653 nm), and PDI-4S (697 nm).

Moreover, we observed that the purple and blue spots on the TLC plate were trans-
formed into orange-red spots, partially regaining their fluorescent properties under light
and ambient air conditions. Then, solutions were prepared from starting material PDI A
and corresponding thionated derivatives from PDI-1S to PDI-4S in dichloromethane and
those saturated with oxygen before sunlight irradiation (Figure 11). We observed the rapid
disappearance of the magenta color for PDI-1S, along with the blue colors of PDI-2S-cis
and PDI-2S-trans isomers, and also PDI-3S. The PDI-4S derivative seemed to be much less
sensitive to these conditions, resulting in photochemical degradation. This naked eye ob-
servation could be paralleled by the measurements of 'O, quantum yields described above
(Table 4). Mass spectra and UV-visible spectra (Figure 10b) of these samples confirmed
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the instability in the proposed conditions and the formation of new products, including a
return to the PDI A starting material resulting from an exchange between the sulfur and
oxygen atoms.
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Figure 10. Normalized absorption spectra of PDI A and its thionated PDI derivatives recorded in
dichloromethane solution at (a) t = 0; (b) after 90 h under sunlight in a saturated oxygen atmosphere.
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Figure 11. Behavior of PDI A and its thionated derivatives (from left to right: PDI A, PDI-1S,
PDI-2S-cis, PDI-2S-trans, PDI-3S, PDI-4S) in dichloromethane under sunlight in a saturated oxygen
atmosphere: (a) t=0; (b) t=2h; (c) t=24h; (d) t =90 h.

|
}

(b)

The comparison of LR and CR reagents was continued using a PDI B compound.
The first observation was that the reaction of PDI B with LR (Table 5, entry 10) was more
efficient than the similar reaction with PDI A (Table 5, entry 1). Starting material was
quasi-completely converted into thionated PDIs with moderate yields in PDI-3S (8%) and
PDI-4S (5%). These yields were significantly increased as soon as the CR reagent was used,
with yields more than doubling in PDI-3S (20%) and PDI-4S (12%) (Table 5, entry 11). The
best results in PDI-4S (32%) were obtained using an excess of P4S19 and HMDSO, under
conditions to be compared with those obtained with PDI A (Table 5, entry 5). Microwave-
assisted thionation of carbonyl compounds using CR was previously described, giving
desired products in higher yield and shorter reaction time compared to conventional
methods [67,68]. The experiment carried out on PDI B under MW irradiation confirmed
the importance of solubility (5 x 1072 M for MW experiment instead of 1.25 x 1072 M
for experiment reported in Table 5), since only the PDI-1S derivative accompanied by
unreacted starting material in a large proportion was obtained.

The experimental conditions giving the highest yield in PDI-4S for PDI B (Table 5,
entry 12) were applied to PDI C (Table 5, entry 13). Thanks to the improved solubility
resulting from the torsion of the PDI backbone, which limits aggregation, and despite the
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steric hindrance provided by the four para tert-butylphenoxy groups in the bay positions,
an exceptional reactivity was achieved, leading to PDI-4S in an 89% yield (Scheme 3). A
slight increase in the quantities of reagents did not improve the yield of the reaction (Table 5,
entry 14). As the PDI-4S derivative was the only product isolated, the other PDI-1S, PDI-
2S and PDI-3S compounds were only detected by mass spectrometry. Once again, this
result clearly demonstrates the superiority of CR over LR for obtaining multi-thionated
derivatives. The single PDI-4S derivative obtained in the example described here should
be compared with the mixture containing 24% of a similar derivative obtained using LR in
xylene under MW irradiation at 103 °C (Table 1, entry 10).

(CHy)4CHs ((‘:HQ)‘.C Ha

|
[o] N (o] S N S
[e) [e) AToluene fo] 0
—_—
ﬁ/©/O O\©\]< 89% yield >’/©/O OO\I<
ITI o s l}j S

(CH)aCH, (CHa).CH,
Scheme 3. Synthesis of thionated PDI-4S derivative-bearing para tert-butylphenoxy groups in the
bay positions.

(o)

The optical properties of PDI C and its PDI-4S derivative were determined by UV-Vis
absorption spectroscopy in dichloromethane solution, confirming the NIR absorption of the
PDI-4S compound (Amax = 770 nm) compared with tetraoxygenated PDI C (Apmax = 577 nm).
(Figure 12). It can be estimated that each replacement of an oxygen atom of the diimide
moieties by a sulfur atom results in a bathochromic shift of approximately 50 nm, whatever
the substitution or not on bay region. Solutions of PDI C and its PDI-4S derivatives in
dichloromethane were saturated with oxygen and irradiated with sunlight. We could
confirm the good photochemical stability of the PDI-4S derivative, as previously noted, for
tetrathionated PDI unsubstituted in the bay region.

o
o

(=4

3

4
o
[
o
)

——PDIC
——PDI-4S ——PDIC

——PDI-4S

°
»
1
o
=
1

o
N
h

Normalized absorbance (a.u.)
o
N
h

o o
= b
Normalized absorbance (a.u.)
(=]
w

e
5

0.0 T T T Tt 1
300 400 500 600 700 800 900
Wavelength, nm

0.0 T T T T T 1
300 400 500 600 700 800 900
Wavelength, nm

e e
e ‘

by

(a) (b)

Figure 12. Normalized absorption spectra of PDI C and its PDI-4S derivative recorded in
dichloromethane solution. Behavior of PDI C (pink color) and its thionated PDI-4S derivative
(grey-green color) at (a) t = 0; (b) after 90 h under sunlight in a saturated oxygen atmosphere.

NitroPDIs are currently attracting significant attention due to their ease of access and
higher selectivity of mononitration compared with monobromination [69]. In addition,
many types of reactions have been successfully applied to nitroPDlIs, ranging from nu-
cleophilic substitution to palladium catalyzed cross-couplings [70-72]. The nitro group
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can also be reduced to an amino group, and further transformation in the corresponding
imine using an aldehyde allows azabenzannulated PDI-based materials to be obtained by
subsequent photocyclization [73,74]. Consequently, access to thionated PDI derivatives
bearing a nitro group in the bay position would open the way to a whole series of post-
functionalization processes that are extremely interesting from a synthetic and application
point of view. The thionation reaction using CR in refluxing toluene led to a mixture of
products, complexed for each compound PDI-1S, PDI-2S cis, PDI-2S trans and PDI-3S
by the presence of isomers due to the nitro group in the bay position (Scheme 4). The
major products isolated were PDI-1S and PDI-2S compounds, which were characterized
by HRMS (Table 5, entry 15). Compound PDI-3S was also characterized as a trace by
HRMS.

o] N o S N (o] S N (o]
o P.S10/ HMDSO
2 AToluene NO, + NO,

13% yield 16% yield

Scheme 4. Synthesis of thionated PDI-1S- and PDI-2S-bearing nitro group in bay position.

This initial study demonstrates the potential of CR in accessing thionated-PDI deriva-
tives. The impact of the group present at the imide position has an effect on solubility and
aggregation [75], and for this thionation reaction, an aromatic substituent seems more fa-
vorable than the introduction of a short alkyl chain. On the other hand, the addition of four
electron-donating groups in the bay positions, despite the high steric hindrance inherent in
this tetrasubstitution, provides a remarkable example of accessing the PDI-4S derivative
in a practically quantitative yield. Other studies are currently underway to validate the
influence of the electronic effect on this thionation reaction. Finally, the presence of a nitro
group sensitive to substitution seems compatible with such a reaction. However, achieving
selectivity becomes difficult in the case of a monosubstituted derivative in the bay position
due to the presence of many possible isomers. This preliminary result seems to indicate
that electron-withdrawing groups on the PDI backbone do not favor the thionation reaction.
Finally, it is important to highlight that the combination of the P4S;y reagent with HMDSO
would make it possible, for the first time, to synthesize selenated analogues PDI-1Se to
PDI-4Se using the analog P4Se;g reagent [76]. Whereas remarkable intersystem crossing
rates with a complete fluorescence quenching have been observed for thionated PDIs, the
theoretical calculations recently reported on selenated PDIs suggest five-order larger ISC
rates, signifying high efficiency for photosensitization applications [77].

4. Materials and Methods

Experimental procedure for synthesis from PDI derivatives A and B: The reaction and
workup should be carried out under an efficient laboratory fume hood. To a solution of PDI
(0.5 mmol) in anhydrous toluene or xylene, P4S19 and HMDSO were added in stoichiometry,
as presented in Table 5. The reaction mixture was heated at 110 °C (toluene) or at 150 °C
(xylene) under argon atmosphere. After cooling in an ice bath, an aqueous solution of
K>CO3 5.3 M (1 mL/0.75 mmol P4Syg), then acetone (5 mL), was added. The solution was
stirred for 15 min at 0 °C and poured in a separating funnel. Water (100 mL) was added,
and the aqueous phase was extracted with chloroform (2 x 100 mL). The organic layer
was washed with brine (100 mL), dried over MgSO,4 and concentrated under vacuum.
The crude product was purified by silica gel column chromatography using toluene as
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the eluent for PDI-4S, PDI-3S, PDI-25-trans, PDI-2S-cis, and toluene/ethyl acetate (95:5)
for PDI-1S.

Experimental procedure for synthesis from PDI-derivative C: To a solution of PDI
(561 mg, 0.5 mmol) in anhydrous toluene (40 mL), P4S;¢ (334 mg, 0.75 mmol) and HMDSO
1.6 mL (7.5 mmol) were added. The reaction mixture was heated at 110 °C under argon
atmosphere for 24 h. After cooling in an ice bath, an aqueous solution of K;CO3 5.3 M
(1 mL) was added, then acetone (5 mL). The solution was stirred for 15 min at 0 °C and
poured in a separating funnel. Water (100 mL) was added, and the aqueous phase was
extracted with chloroform (2 x 100 mL). The organic layer was washed with brine (100 mL),
dried over MgSO, and concentrated under vacuum. The crude product was purified by
silica gel column chromatography using CH,Cl, /petroleum ether (1/1) as the mixture of
eluents. Compound PDI-4S was dissolved in a minimum of CH,Cl, and precipitated using
MeOH before filtration, giving a green-dark powder (525 mg, 89% yield).

5. Conclusions

In conclusion, the current state of the art in the synthesis of thionated perylenediimides
(PDIs) clearly shows that the methods used rely almost exclusively on Lawesson’s reagent.
However, the reactivity of this reagent seems limited, particularly in terms of access to the
multi-thionated derivatives PDI-3S and PDI-4S. Here, we describe a possible alternative
using the Curphey’s reagent which combines the P,Ss5 reagent (in dimeric form P4S51¢) with
hexamethyldisiloxane (HMDSO). This initial study clearly demonstrated higher reactivity
than Lawesson’s reagent. While direct access to fully thionated PDI-4S appears challenging
for PDI derivatives unsubstituted on the perylene backbone, the incorporation of four
para tert-butylphenoxy substituents in the bay region showed remarkable efficiency with
this new synthetic method. In addition, this thionation method seems compatible with
the presence of the substitution-sensitive nitro group grafted in the bay position. This
preliminary work clearly paves the way for an effective alternative to Lawesson’s reagent
in the synthesis of thionated PDIs with possible new developments to access these electron
acceptors on a larger scale for applications in organic electronics and biomedicine, especially
as metal-free photosensitizers in photodynamic therapy or photothermal therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29112538/s1. Figures S1-522: 'H, '3C and HRMS
spectra of thionated perylenediimides; Figures 523-524: Photochemical degradation study.
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Abstract: As “chemical chameleons,” organosulfones have been widely applied in various desul-
fonylative functionalization reactions. However, the desulfonylative functionalization of (het-
ero)arylsulfones through the cleavage of inert C(spz)—SOz bonds remains a challenging and un-
derexplored task. Over the past twenty years, the use of (hetero)arylsulfones as arylation reagents
has gradually gained attention in diverse cross-coupling reactions under specific catalytic conditions,
especially in transition metal-catalysis and photocatalysis chemistry. In this review, we discuss the
representative accomplishments and mechanistic insights achieved in desulfonylative reactions of
inactive C(sz)—SOZ bonds in (hetero)arylsulfones, including: (i) transition-metal-catalyzed desul-
fonylative cross-coupling reactions and (ii) photo-/electrocatalytic radical desulfonylative coupling
reactions. We anticipate that this review will provide an overall perspective in this area to a general au-
dience of researchers and stimulate further innovative strategies for desulfonylative functionalization
of inert arylsulfones.

Keywords: (hetero)arylsulfones; desulfonylative functionalization; C(spz)—SOZ bond cleavage;
transition-metal catalysis; photocatalysis

1. Introduction

Organosulfones are highly versatile building blocks widely utilized in pharmaceutical
science, functional materials, and polymer science [1-3]. Known as “chemical chameleons”,
organosulfones have participated in a diverse array of reactions, enabling the valuable
formations of new chemical bonds [1,4]. The desulfonylative functionalization of organosul-
fones—substituting the sulfonyl group with other functional groups—is an attractive alter-
native that enhances molecular complexity [5]. Owing to its strong electron-withdrawing
ability and inert reactivity, the sulfonyl functionality typically serves as a leaving group
in elimination transformations or as an auxiliary moiety to stabilize carbanions in tradi-
tional organic synthesis. Over the past decades, studies on organosulfones have garnered
significant attention, focusing on utilization as organic (pseudo)halides in cross-coupling
reactions [6-11]. By integrating novel catalytic methods and customizing substituents on
organosulfones, numerous new methodologies have emerged to activate C-SO, bonds,
leading to remarkable advancements in desulfonylative functionalizations, even in inno-
vative transformations that are challenging to achieve with conventional electrophiles or
nucleophiles. Despite several excellent reviews on C-S bond functionalization [9] and
radical desulfonylative functionalization [6,7,10,11] through transition-metal catalysis or
photocatalysis, which highlight the cleavage of aryl, alkyl, vinylic, and alkynyl C-50,
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bonds in thioethers, sulfamides, sulfonates, sulfones, and their derivatives, there is a lim-
ited number of reviews that focus specifically on the desulfonylative functionalization of
organosulfones via inert (hetero)aryl C(sp2 )-SO, bond cleavage [8].

In this review, we will succinctly recount the history of desulfonylative functional-
ization of inactive (hetero)arylsulfones, focusing on representative accomplishments and
progress as arylation reagents to access functionalized aromatics. The review is divided into
two main sections: (i) transition-metal-catalyzed desulfonylative cross-coupling reactions
and (ii) photo-/electrocatalytic desulfonylative coupling reactions (Figure 1).

M = Ni, Pd, Ag, etc.

Q.0
oS FG
\\' "R C(sp?)-SO, bond cleavage

(Hetero)aryl sulfones @ Functionalized aromatics
g or f‘ = Aryl, alkyl, vinyl, SeR...

Figure 1. Desulfonylative functionalization of (hetero)arylsulfones via C(sp2 )-SO, bond cleavage.

2. Transition Metal-Catalyzed Desulfonylative Cross-Coupling Reaction
2.1. Kumada-Type Cross-Coupling Reaction

In 1979, Wenkert and co-workers reported the first Ni-catalyzed Kumada-type cross-
coupling reaction of phenyl sulfones with methyl/p-tolyl magnesium bromides, giving
desulfonylative methylation/p-tolylation products in medium to high yields (Scheme 1) [12].
When methyl phenyl sulfone was tested under the optimized conditions, the insertion
of Ni(0) complex into the aryl C(spz)—SOZ bond rather than the methyl C(sp3 )-SO, bond
occurred selectively. This seminal achievement indicated the possibility of substituted
arylsulfones as (pseudo)halide reagents in cross-coupling reactions.

QP Ni(PPh3)Cl,

S. 1 R2
10 mol%
R+ R-—MgBr ( d)
THF, reflux
R2 = p-tolyl, Me
R' = Me, Ph 4 examples

45% to 97% yield

Scheme 1. Seminal desulfonylative cross-coupling of arylsulfones with Grignard reagents.

In the 1990s, Clayden and Julia developed a modified Ni-catalyzed cross-coupling
reaction of aryl fert-butylsulfones with aryl magnesium halides (Scheme 2) [13,14]. This
protocol established expanded scopes of arylsulfones and Grignard reagents, yielding
various ortho-substituted unsymmetrical biaryls in satisfactory yields. However, mixtures
of cross-coupling, homocoupling, and reduction products were also afforded due to the
steric effect of ortho-substituents.

1 R!

R" 0 o Ni(acac),
R3& (5 mol%) Ar
tBu + Ar—MgBr —————— >
THF, 2-20 h, rt. R2
2
R 12 examples
20% to 95% yield
Me, N'Pry N'Pry
O~ )™
Me

82% (GC yield) 86% 47%

Scheme 2. Ni-catalyzed cross-coupling of aryl sulfones with Ar-MgBr.
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In 2008, Garcia and co-workers developed the desulfonylative functionalization of
dibenzothiophene dioxides with methyl magnesium bromide (MeMgBr) catalyzed by
nickel-complexes (Scheme 3) [15]. A series of nickel complexes including [Ni(dippe)H]»,
[Ni(dcype)H],, [Ni(dtbpe)H],, or [Ni(dippe)(Me),] in mixed solvents of toluene and THF
could yield methyl biaryl or dimethyl biaryls in moderate to good yields. Dibenzothiophene
dioxides reacted with 6.0 equivalents of MeMgBr to give dimethyl biaryls in quantitative
yields in the presence of low nickel catalyst loading (1.0 mol%). As shown in the proposed
catalytic cycle, the reaction of [Ni(dippe)H], with dibenzothiophene dioxide yields a nickel-
complex I. Further oxidative addition of C(sp2 )-SO; bond followed by extrusion of SO, with
the aid of MeMgBr furnishes cyclic nickel intermediate III. The intermediate III undergoes
metathesis with MeMgBr followed by reductive elimination to give dimethyl-substituted
biaryls.

O\\S//O Me Me
R~ wR INi] (1 mol%) R./= —\ R
N\ J—
\ y // + Me—MgBr — \ / \ + MgS +MgO
up to quantitative yield
Me,
‘ R
F>\ ’
Ni
A
RR

Dibenzothiophene
dioxide

MgBr5

[ Ni MgO + MgS +

Me—MgBr o MgBr, + CHaCHs
m RR

Scheme 3. Ni-catalyzed desulfonylative cross-coupling of dibenzothiophene dioxides.

Very recently, Xu, Zhou, and Shen’s group established a Ni-catalyzed cross-coupling
of inactivated (hetero)aryl sulfones with aryl bromides at ambient temperature with the
assistance of excess magnesium powder (Scheme 4) [16]. Control experiments indicated
that Ni(PPh3),Cly, 2,2-bipyridine ligand (bpy), magnesium powder, and THF are all
indispensable for the successful realization of the reaction. A variety of (hetero)aryl sulfones
and aryl bromides were well compatible under the optimized conditions with/without
LiCl, enabling the facile synthesis of biaryl compounds with moderate to high yields. It was
noteworthy that the late-stage desulfonylative coupling reactions with complex molecules
derived from L-borneol and L-menthol also proceeded smoothly under the established
conditions, affording the corresponding product in moderate yields. In addition, the
practical utility of this cross-coupling was demonstrated by performing a 5 mmol scale
reaction, delivering the final products in 66% yield. For unsymmetrical (hetero)aryl sulfones,
the desulfonylative cross-coupling reaction occurred selectively through the cleavage of
the more electron-poor aryl C(sp?)-SO, bond. Initially, the reduction of Ni(PPh3),Cl, by
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Mg powder generates active Ni(0) species, which undergo oxidative addition with aryl
sulfones (ArSO,;R?) to produce an Ar-Ni(IT)-SO,R? complex I. Meanwhile, the reaction
of aryl bromides with Mg powder with/without the aid of lithium chloride produces the
active aryl magnesium compounds. The subsequent transmetallation between intermediate
I and Grignard reagents affords the biaryl-nickel intermediates II, which finally undergo
reductive elimination to generate the desired diaryls.

Ni(PPh3),Cl; (10 mol%)

i d SOR* bpy (10 mol%) AT
| + Ar—Br +Mg /\r

R R'—-
Y LiCl (2.0 equiv.) Y
Y =CH. N THF, Ny, r.t, 12 h 42 examples
R2 = aryl, Py, Me 26% to 98% yield
OMe ' (Het)Ar=—Ar Het)Ar—SO,R?
OMe O CF3 | L Ni® (Het) 2
O x : (L = bpy)
O FaC | =N 5 Mgpry
76% 47% 55% 1 Ni(PPh3),Cl>
H i
‘ ! (Ln)Ni—(Het)Ar (Het)Ar—Ni(Ly)
AP 0 A | SOR?
ot O
44% 51% e ; .
from L-borneol from L-menthol - MgBr(SO,R?) ArMgBr <9 ArBr
| w or w/o
! LiCl

Scheme 4. Ni-catalyzed desulfonylative cross-coupling with in situ-generated Ar-MgBr.

2.2. Suzuki-Miyaura-Type Cross-Coupling Reaction

In 2005, the Robins group reported one example of Pd-catalyzed Suzuki-Miyaura-
type cross-coupling of 6-[(3-methylbutyl)sulfonyl]-9-[2,3,5-tri-O-(2,4,6-trimethylbenzoyl)-
-D-ribofuranosyl]purine with 4-methoxyphenylboronic acid (PMPB(OH);) [17]. In the
presence of 10 mol% of Pd(OAc)2 and 10 mol% of 1,3-bis(2,6-diisopropylphenyl)imidazolin-
2-ylidene (IPr), the corresponding desulfonylative arylation product was isolated in 81%
yield. The cleavage of heteroaryl C(sp?)-SO, bond preferred to occur (Scheme 5).

. 0
iPr /
=N PMP
</N | SN B(OH)2  Pd(OAc), (10 mol%) /N SN
J IPr HCI (10 mol%) <
MesO N7 N + - MesO NT N
(0] K3PO4 (3.0 equiv.) o
THF, 60 °C,8 h
MesO  OMes OMe MesO  OMes
PMPB(OH), 1%

Scheme 5. Pd-catalyzed cross-coupling of the sulfonyl-purine with PMPB(OH),.

Twelve years later, the possibility of N-heteroaryl sulfones to participate in Pd-
catalyzed Suzuki-Miyaura-type cross-coupling reaction was further investigated by Hen-
nessy and co-workers (Scheme 6) [18]. The synthesis of 1,5-disubstituted tetrazoles was
successfully realized through desulfonylative cross-coupling of readily prepared 5-p-
toluenesulfonyltetrazoles with boron-based nucleophiles including boronic acids, pina-
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colboronate esters, and trifluoroborate salts. The use of biaryl phosphine ligands such
as RuPhos was essential for achieving higher yields. The protocol is compatible with a
variety of 5-p-toluenesulfonyltetrazoles and organoboron compounds with diverse func-
tional groups. It is noteworthy that a 5-p-tolylsulfonyltetrazole substrate containing the
bromoaryl group underwent Pd-catalyzed Suzuki-Miyaura cross-coupling reaction se-
lectively through the cleavage of aryl C-Br bond, thus providing new opportunities for
step-wise construction of polyaryls.

Pd(OAc),, RuPhos
R" O 0O B(OH), or R'

\ N ( 2

/N\(S\ o * , RuPhos Pd G3 precatalyst l\‘l"N R
N, Lj p R K,COj (3.0 equiv.) N~/

N dioxane/H,0, 80 °C 15 examples
26% to 94% yield

R EtO F
Me QOMe
=N <N =N
WO e O
N N" NN
94% 91% 87%
F MeQ MeQ  cHo
OMe
N /—N\ ) N, j‘
HN OH
83% 26% 77%

Scheme 6. Pd-catalyzed cross-coupling of N-heteroarylsulfones with boronic acids.

Very recently, Niu and co-workers reported a Ni-catalyzed Suzuki-Miyaura-type
cross-coupling reaction of readily available and bench-stable phenyl pyrimidinyl sulfones
with (hetero)arylboronic acids (Scheme 7) [19]. This desulfonylative cross-coupling reaction
involving the pyrimidinyl C(sp?)-SO, bond cleavage offered a facile route for the rapid
synthesis of synthetically challenging 2,4-diarylated pyrimidines with moderate to high
yields. The presence of an ortho-nitrogen atom in sulfone substrates is critical in this
method. In the proposed catalytic cycle, the ligand exchange of Ni(0) species with phenyl
pyrimidinyl sulfones first generates the intermediate I. Then, a chemoselective C(SPZ )-SO,
bond insertion affords the oxidative additive Ni(Il) complex II. Transmetallation with
arylboronic acids furnishes the pyrimidinyl-Ni(Il)-aryl complex III, which undergoes
reductive elimination to give the final product.

Compared to N-heteroaryl C(sp?)-SO, bond, the activation of inert aryl C(sp?)-SO,
bond in arylsulfones is much more challenging due to its weak coordinating ability and
higher bond dissociation energy. In 2019, the Moran group described the Suzuki-Miyaura
cross-coupling using the trifluoromethyl arylsulfones as the substrates (Scheme 8) [20].
Control experiments indicated that the desulfonylative reactions of diphenyl sulfone,
phenyl methyl sulfone and its mono- and difluorinated analogs were inert or much less
reactive, suggesting the important role of the trifluoromethyl group in promoting aryl
C(sp?)-SO, bond activation. In addition, the presence of a small amount of DMSO (1%,
v/v) was critical to obtain high yields by solubilizing the inorganic base. This protocol
could provide various functionalized di(hetero)aryls from readily available trifluoromethyl
arylsulfones and arylboronic acids. Furthermore, the reactivity of different electrophiles
such as aryl chlorides, nitroarenes, and aryl tosylates was investigated in one pot. The
reactivity of aryl sulfones showed at least two orders of magnitude slower than aryl
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chlorides, but at least two orders faster than nitroarenes and aryl tosylates under standard
conditions, which provided new opportunities for multiple functionalization reactions in a
step-wise manner. Mechanistic experiments and DFT calculations demonstrated that the
relatively rare oxidative addition of palladium species into the aryl C(sp?)-SO, bond was
the turnover-limiting step.

Ni(COD), (10 mol%)
B(OH)./Bpin  Pcy,;-HBF,4 (20 mol%) N/ N2\

p-tol SO,Ph
Y\/\r KOH (2.0 equiv.) =N x=

THF, 60 °C,12 h p-tol

40 examples
35% to 99% yield

OMe
S — Me
Z 2 4
/_>—@ N =T N Y pmome NN
)=N )=N N )=N o
p- toI p-tol p-tol p-tol
94% 95% 89% 93%
EUnsuccessfuI (hetero)aryl sulfones Ph
: 2
7\ | P _~_S0.Ph
=N o | |
: X N
p-tol 790,  p-tol SO,Ph p-tol N p-tol N
’ trace trace trace
N

d tOI Ar)/ Mo \<p tol)\/\/LSO Ph
Al LN

p-tol” "N~ “SO,Ph

p-tol N|(II)
Ni(0) |
PhSO,K
ArB(OH)2 /j\
p- tol)\ Ni(Ih)
KOH SO,Ph

Scheme 7. Ni-catalyzed cross-coupling of phenyl pyrimidinyl sulfones with boronic acids.

In the same year, the Yorimitsu group developed similar desulfonylative transforma-
tions enabled by cooperative Pd/Rh catalysis [21]. Under the optimized condition, the
model reaction could obtain 91% yield. In the absence of [Rh(cod),]Cl, catalyst, the reaction
showed much poor efficiency (<40% yield) and higher loadings of Pd catalyst was required.
Kinetic experiments indicated that the rhodium catalyst probably promoted the transfer of
the aryl ring from arylboronate to palladium species, thus accelerating the transmetalation
process on the palladium center, and the reductive elimination step to form C—C bond
assisted by IPrNiP™2 ligand might be the turnover-limiting step. Despite the acyclic aryl-
sulfones, the Suzuki-Miyaura type cross-coupling reaction of dibenzothiophene sulfones
with arylboronic acids were achieved by Garcia and co-workers. However, stoichiometric
amounts of nickel salts were needed in this reaction, yielding complex desulfonylative
arylation products [22].
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Q.0
N4 Pd(acac), (5 mol%) G R2
R S"cF3 . R BOM):2 _ RuPhos (20 mol%)
KsPO, (3.0 equiv.) R Q

DMSO (0.01 mL)

Dioxane, 80 °C
31 examples

54% to 99% yield

OMe O CFs P L A=), A A
| “Fa + [Pd)/XPhos .
: 2280 °C
: Me Me

95% 82% X =Cl 1  >099
X=NO, >99 : 1

G S X=0Ts >09: 1
S A\ Reactivity: Cl > SO,CF3 > NO, Me,N
©/\> O 3 NO;  B(OH), NMe O

97% 91% @\
B(OH), NCarb B(OH) O

NO, : cl
OMe ! ©/ \a Q’ \c O
O 3 76% 64% 34%
| O L SOCRs g -S0,CF3 -NO,
_N :

81% F 78% ; NCarb

Scheme 8. Pd-catalyzed cross-coupling of trifluoromethyl arylsulfones with boronic acids.

2.3. Desulfonylative Cross-Coupling Reaction with (Hetero)Aryl Halides

As a class of organic (pseudo)halides, the desulfonylative cross-coupling of sulfones
with electrophiles such as aryl halides has remained underexplored. In 2018, the Willis
group demonstrated that N-heteroaryl allylsulfones could act as precursors of sulfinate
reagents under palladium(0) catalysis, leading to efficient Pd-catalyzed cross-coupling
reactions with (hetero)aryl halides in one pot (Scheme 9) [23]. Under the optimized con-
ditions, the constructions of synthetically challenging N-heteroaryl-(hetero)aryl products
were realized efficiently. Notably, the desulfonylative cross-coupling reaction showed high
regioselectivity. In the proposed catalytic cycle, the oxidative addition reaction of active
Pd(0) species with allylsulfones would generate the rr-allyl-Pd(II) intermediate with the
release of N-heteroaryl sulfinate. The m-allyl-Pd(II) intermediate was intercepted by a nu-
cleophile to regenerate active Pd(0) species, thus allowing the subsequent cross-coupling of
in situ-generated N-heteroaryl sulfinate with aryl halides to proceed. Later, the same group
developed p-nitrile/ester alkyl (hetero)aryl sulfones as new latent sulfinate reagents [24].
In the presence of base, 3-nitrile/ester alkyl (hetero)aryl sulfones could release the corre-
sponding sulfinates and vinylic nitrile/ester by-product. These latent sulfinate reagents
are stable and readily available, facilitating multistep elaborations that are challenging for
traditional sulfinates with poor solubility and reactivity.

Very recently, the Ni-catalyzed reductive cross-coupling of arylsulfones with aryl
bromides was realized by Ma and co-workers (Scheme 10) [25]. In this protocol, trifluo-
romethyl arylsulfones showed the best result, while other arylsulfones containing CF,H,
CH3, Ph, and F instead of the CF; group resulted in poor or no efficiency. By using
10 mol% of NiCl, as the catalyst, the combination of 6 mol% of dmbpy and 6 mol% of
dcype as ligands, and Zn powder as reductant, a variety of functionalized biaryl com-
pounds were obtained with moderate to good isolated yields. However, aryl (trifluo-
romethyl) sulfones containing strong electron-withdrawing groups such as ketone, ester,
and cyano groups failed to afford the desired product. In addition, the applicability of this
method was then investigated using several aryl bromides derived from natural products
and drug molecules such as ibuprofen and cholesterol, affording the desired products in
moderate yields.
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Scheme 10. Ni-catalyzed desulfonylative cross-coupling of arylsulfones with aryl halides.

145



Molecules 2024, 29, 4137

\\ //

s

To gain insight into the mechanism, a series of control experiments were then con-
ducted. Under the optimized conditions, the cross-coupling of phenyl (trifluoromethyl)
sulfone with preformed phenylzinc bromide did not occur without Zn powder, exclud-
ing the possible formation of organozinc reagents in situ. The reaction of Ni-complex
PMP-(dmbpy)Ni(II)-Br with arylsulfones gave no desired product, while the reaction of
Ni-complex Ph-(dcype)Ni(II)-SO,CF;3, generated from oxidative addition of aryl sulfone to
Ni(0) species and confirmed by an X-ray analysis, could give the final product in 49% GC
yield. However, the reaction of Ni-complex PMP-(dcype)Ni(I)-Br with arylsulfones also
gave the desired product in 20% GC yield, thus the oxidative addition of aryl halides to
nickel species could not be excluded. A possible catalytic cycle was also proposed. The key
intermediate II, generated from intermediate I in the presence of Zn, inserts C-Br bond of
aryl halides to give intermediate III. Reductive elimination of III gives the desired product.

2.4. Intramolecular Desulfonylative Cross-Coupling Reaction

Without the addition of coupling reagents, transition metal-catalyzed intramolecular
desulfonylative coupling reactions occurred in some cases. In 2018, Yorimitsu and co-
workers developed a Ni-catalyzed intramolecular desulfonylative coupling of -extended
N-hetero-2-aryl arylsulfones (Scheme 11) [26]. In the presence of 20 mol% of Ni(cod),,
40 mol% of ligand, 60 mol% of -BuONa, and one equivalent of Mg, sulfones with 7-
extended N-aromatic rings and arylsulfonyl group at ortho-nitrogen carbon atom were
well compatible to the corresponding unsymmetric biaryls with moderate to high yield.
However, sulfones containing 2-pyridyl, 2-pyrazinyl, and 3-/4-quinolyl rings showed
much lower efficiency or were completely inert under the optimized conditions.

Ni(cod), (20 mol%)

L1-HCI (40 mol%) ! _ !
t-BuONa (60 mol%) @ 5 NN |
1 / .

Mg (1.0 equiv.) S | o |
PhMe/PhEt (1/3) | Ar ' MeO cI® OMe!
150 °C (bath) 18 examples b+ y

15 h, N, balloon  21% to 71% yield

71%

56% 80% 65%

Scheme 11. Ni-catalyzed intramolecular desulfonylative cross-coupling of N-hetero-2-aryl arylsulfones.

In 2019, the Wei group found that (hetero)aryl sulfones bearing an auxiliary group
could undergo an intramolecular desulfonylative coupling reaction under nickel cataly-
sis (Scheme 12) [27]. The strong coordinating 2-pyridyl and 2-pyrimidyl groups showed
the best results. Using Ni(cod), as catalyst and P(n-Bu)s as the ligand, a broad range
of (hetero)biaryls were obtained with moderate to high yields. It was notable that the
benzyl (hetero)aryl sulfone successfully gave the desired product in 74% yield through the
cleavages of both C(sp2 )-SO, and C(sp2 )-SO, bonds. Without a directing group, the in-
tramolecular desulfonylative coupling reaction also occurred, but required a stoichiometric
amount of Ni(cod)s,.
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Scheme 12. Ni-catalyzed intramolecular desulfonylative cross-coupling of N-hetero-2-aryl arylsulfones.

2.5. Desulfonylative Cross-Coupling Reaction with Other Reagents

In 2006, Ruano and co-workers reported a Pd-catalyzed Mizoroki-Heck-type reac-
tion of alkenyl or alkynyl aryl sulfones with acrylate esters (Scheme 13) [28]. By using
Pd(OAc),/PCyj as the catalyst and Ag,COs as an additive, the cleavage of aryl C(sp?)-SO,
bond within alkenyl or alkynyl aryl sulfones proceeded primarily, leading to further aryla-
tion of acrylate esters to form cinnamyl esters. Diphenyl sulfone or methyl phenyl sulfone
were unreactive under the optimal conditions, suggesting that coordination of the mt-bond
of the alkene and alkyne moiety to palladium center is likely involved. As shown in the
proposed catalytic cycle, the coordination of the r-bonds followed by oxidative addition to
Pd-species affords the intermediate II. Then, coordination and insertion of 7-bond in the
acrylate ester generates an alkyl-Pd species III, which undergoes the 3-elimination process
to give the desired product.

Transition metal-catalyzed desulfonylative cross-coupling reactions of (hetero)aryl sul-
fones with radical precursors have also been achieved. In 2020, Matsubara and co-workers
developed the Ag-catalyzed radical cross-coupling of arylsulfonyl-substituted furoxans
with aliphatic carboxylic acids (Scheme 14) [29]. A variety of primary, secondary, and
tertiary alkyl carboxylic acids successfully reacted with arylsulfonyl-substituted furoxans
to give the corresponding alkyl-substituted furoxans with moderate to good yields. Various
functional groups such as ketone, ether, ester, bromo, amine, and aromatic rings, as well
as several bioactive and drug skeletons, were well tolerated in this method. Notably, this
protocol showed exclusive site-selectivity favoring the cleavage of sulfonyl group at the
3-position of disulfonyl furoxan. The obtained 3-alkyl-4-sulfonyl furoxan products could
be further converted into dual-functionalized furoxans, enabling the modular synthesis of
diverse functionalities through “build-and-scrap” strategy.
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Scheme 13. Pd-catalyzed Heck-type desulfonylative cross-coupling.
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Scheme 14. Ag-catalyzed desulfonylative cross-coupling with alkyl carboxylic acids.

In recent years, the transition metal-catalyzed desulfonylative functionalization re-
actions to form carbon-heteroatom bonds have also been realized. In 2016, Chen and
co-workers developed an efficient Ni-catalyzed desulfonylative cross-coupling of arylsul-
fones with phosphine oxides (Scheme 15) [30]. This protocol proceeded with both aryl
and alkyl secondary phosphine oxides to offer functionalized tertiary-phosphine oxides
in good to high yields. The desulfonylative reaction could be performed at 10 mmol scale
in high yield with the addition of Ni(cod), at a loading of 0.1 mol%. Interestingly, the
desulfonylative reaction of arylsulfones bearing ester and cyano groups could work well
without nickel catalyst. This protocol provides an efficient method for the construction
of C-P bonds. Later, the formation of C-B bond was achieved by the Yorimitsu group
through Pd-catalyzed coupling of diphenyl sulfone with diboronates, yet with only one
example [31].
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Scheme 15. Ni-catalyzed intramolecular desulfonylative cross-coupling of N-hetero-2-aryl arylsulfones.

Organic selenium compounds have attracted a lot of attention due to their unique
biological activity. Recently, the Wang group developed a Ni-catalyzed cross-coupling reac-
tion of heteroaryl sulfones with diselenides (Scheme 16) [32]. Using 5 mol% of Ni(PPh3)Cl,
as catalyst, excess amounts of Mn powder as reductant, and MeOH or DMF as solvent,
various heteroaryl sulfones and diselenides were well compatible to afford the anticipated
heteroaryl selenides with moderate to high yields. In this protocol, the nickel catalyst
undergoes oxidative addition with diselenide ether to furnish Ni(Il)-selenide species I.
Then, Ni(II)-selenide species can generate the selenium radical IT and Ni(I)-selenide species
ITI, which regenerates active Ni(0) species and the selenium negative ion IV. Finally, radi-
cal/nucleophilic addition into C=N double bonds within N-heteroarylsulfones followed by
rearomatization releases the sulfite radical /negative ion and the target heteroaryl selenides.
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Scheme 16. Ni-catalyzed desulfonylative cross-coupling with diselenides.

3. Photo-/Electrocatalytic Desulfonylative Cross-Coupling

Over the past decades, photoredox catalysis has emerged as a powerful and promising
strategy in organic synthesis [33,34]. Photocatalysis enables reactivity up-conversions by
harnessing the energy of visible light and has been recently applied in a series of radical
desulfonylative functionalization of sulfones. Recently, photoinduced desulfonylative
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functionalization that involves the cleavage of (hetero)aryl C(sp?)-SO, bond of sulfones has
also been achieved, providing a powerful and efficient route to access functional aromatics.

3.1. Desulfonylative Cross-Coupling with Alkylating Agents

In 2017, the Kamijo group reported a PhyCO-mediated photoinduced desulfonylative
alkylation of sulfonylpyrimidines (Scheme 17) [35]. In the presence of 0.1 or 1.0 equivalent
of PhyCO, the reactions could give various alkylated pyrimidines with moderate to good
yields under the irradiation of medium-pressure Hg-lamp at room temperature. In this case,
only electron-deficient substrates showed relatively higher yields. A proposed catalytic
cycle was illustrated in Scheme 17b. Hydrogen atom abstraction (HAA) of the C(sp3)—
H assisted by photoexcited diaryl ketone with the release of the ketyl radical occurs to
generate a carbon radical I. The addition of the carbon radical to sulfonylpyrimidines
furnishes the radical intermediate II, which undergoes rearomatization in the presence of
ketyl radical to provide the desired product.

cl N O\\S’/O X benzophenone Cl N
| ST Me . [J (10~100 mol%) J \>_<(J
~-N )n CHzClz or THF —N )n
cl X=0,S,NR Hg-lamp, rt Cl' 13 examples

29% to 85% yield

a) Selected examples

CH} Cw ij iw

29% 80% 71% 72%

b) Proposed catalytic cycle

X

X D
- / \ | Y\\ X

MeSOzH

Scheme 17. Ph,CO-mediated photoinduced desulfonylative alkylation.

In 2019, Molander and co-workers reported a photoredox-catalyzed desulfonyla-
tive alkylation of N-heteroaryl sulfones with alkyl bis(catecholato)silicates or 4-alkyl-1,4-
dihydropyridines (DHPs) (Scheme 18) [36]. When using alkyl bis(catecholato)silicates with
low oxidation potentials as substrates, the desulfonylative reactions gave the best results
in the presence of [Ru(bpy)3][PFs],. Meanwhile, a variety of 4-alkyl-1,4-dihydropyridines
also successfully reacted with the N-heteroaryl sulfones to yield comparable yields using
4CzIPN as the photocatalyst. Primary and secondary alkyl substrates bearing potentially
reactive functional groups such as alkenes, esters, alkyl chlorides, amines, and pyrroles
were well tolerated. To check the utility of this method, the desulfonylative reaction of
a saccharide-derived DHP was subjected to the optimized conditions, yielding the final
product in 54% yield with excellent diastereoselectivity. In the proposed cycle, excited
photocatalyst by light absorption, followed by SET to the alkyl radical precursor. The newly
formed alkyl radical inserts into the heteroaryl sulfone at the a-position relative to the
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sulfone with the concomitant elimination of a sulfinate anion by SET between the transient
aryl radical and the reduced photocatalyst.
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Scheme 18. Photoinduced desulfonylative alkylation using functionalized reagents.

In 2019, the Kamijo group developed similar photoinduced desulfonylative alkylation of
sulfone-functionalized benzazoles mediated by 4-benzoylpyridine (4-BzPy) (Scheme 19) [37].
Sulfone-functionalized benzothiazoles, benzoxazole, and benzimidazoles could react suc-
cessfully to give the desired products in 24-92% yield. However, this protocol required
stoichiometric amounts of 4-BzPy as the photocatalyst due to its decomposition during
the reaction. Recently, the Xia and Yang group achieved similar transformation through a
photoinduced Fe-catalyzed ligand-to-metal charge transfer strategy [38]. In this method,
the generated chlorine radical served as the hydrogen atom absorbing reagent.

o\\é/o « 4-Bzpy
N> Me Q (10~100 mol% @[ Hj
+
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9 examples
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Scheme 19. 4-BzPy-promoted photoinduced desulfonylative alkylation.
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In 2023, Shirakawa and co-workers developed an electrochemical direct a-arylation
of trialkylamines with (hetero)arylsulfones (Scheme 20) [39]. By using a glassy carbon
(GC) anode and a platinum (Pt) cathode in an undivided cell and lithium perchlorate
(LiClO4) as a supporting electrolyte, the reactions successfully yielded model product in
97% yield under a constant cell voltage of 2.0 V (corresponding to an anodic potential of
+0.86 V vs Ag/AgNO3) in a MeCN/MeOH (3:1) solution at 25 °C for 2 h. This protocol
was compatible with diverse alkylamines and (hetero)arylsulfones containing various
functional groups and aromatic rings. When using aryl(dimethyl)amines as substrates,
one equivalent of 2,2,6,6-tetramethylpiperidine (TMP) was employed as the base to obtain
a higher yield. The reaction is initiated by the direct oxidation of amines on a glassy
carbon (GC) anode to give a cation radical followed by deprotonation process to form
a-aminoalkyl radical I. Generally, a sterically compact carbon radical is kinetically favored
to form. Then, the reaction of intermediate I with sulfones through homolytic aromatic
substitution (HAS) yields the final product with the release of PhSO,*®, which reacts with
amines to form PhSO, ™ and a cation radical. Very recently, a similar aminomethylation of
sulfonylthiazoles enabled by the photoredox strategy has been achieved by the Fan and
Chen group [40].
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Scheme 20. Electroinduced direct desulfonylative alkylation with amines.

3.2. Desulfonylative Cross-Coupling with Alkenes

Alkenes are ubiquitous in natural products and pharmaceuticals and represent use-
ful feedstocks in synthetic chemistry. The dual difunctionalization of alkenes provides a
powerful route for olefin utilization. In 2018, Zhu and co-workers developed a concep-
tually new docking-migration strategy for radical difunctionalization of alkenes using
bromodifluoromethyl N-heteroaryl sulfones (Scheme 21) [41]. This protocol employed
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fac-Ir(ppy)s as photocatalyst (2 mol%) and blue LEDs as light source (14 W). Under the
standard conditions, both aryl alkenes and inactivated aliphatic alkenes were suitable
substrates for this reaction, leading to formation of diverse heteroaryl- and difluoromethyl-
difunctionalized alkanes. It is noteworthy that the final products could be further converted
into synthetically valuable fluorine-containing molecules. As shown in Scheme 21, the
bromodifluoromethyl N-heteroaryl sulfone undergoes SET process with excited Ir(IIT)*
to generate difluoromethyl radical species I and Ir(IV) complex. Then, addition of I to
an alkene gives the active alkyl radical intermediate II, which simultaneously undergoes
intramolecular cyclization to form a five-membered spiro-N-radical III. Next, aromatization
and extrusion of SO, results in the difluoroalkyl radical IV. Finally, the in situ formed
iodine from the reaction of TBAI with Ir(IV) complex reacts with intermediate IV to yield
the final difunctionalized product and regenerate the Ir(Ill) catalyst.
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Scheme 21. Photocatalytic desulfonylative dual functionalization of alkenes.

Later, the same group utilized easily accessed, bromoalkyl N-heteroarylsulfones as the
dual-functional reagent, and developed a new “polarity umpolung” strategy for radical
alkylation/N-heteroarylation of alkenes [42]. The tert-dodecylthiol was crucial for this
transformation reaction as it served as both the hydrogen source and the reductant. Notably,
conjugated dienes and enynes were well compatible with the protocol with high regioselec-
tivity. Importantly, radical trapping agents such as PhSO,SPh, PhSO,SePh, PhSO,SCF;,
CH,Bry, allyl sulfone, and even nitrogen-containing heteroarene, could also give dual
functionalized products in satisfactory yields.

Very recently, Hong and co-workers reported a photocatalytic desulfonylative car-
boarylation of alkenes using arylsulfonyl acetates as both arylating and carbonylating
reagents (Scheme 22) [43]. Both activated and nonactivated alkenes are proved to be suit-
able substrates to access the corresponding aryl esters. This reaction is proposed to initiate
with a single-electron oxidation between the excited Ir(Ill)* species and the deprotonated
arylsulfonyl acetate I, yielding the carbonyl radical II. Then, addition of intermediate II
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to an alkene affords an intermediate III, which undergoes intramolecular radical addition
at the ipso-position regioselectively followed by homolytic cleavage of the C-SO, bond to
give the intermediate IV. Finally, the SO, extrusion and single-electron oxidation in the
presence of Ir(II) yield the desired product through proton transfer. This method offers an
effective route for rapidly increasing molecular complexity with two valuable groups.
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Scheme 22. Photocatalytic desulfonylative dual functionalization of alkenes.

4. Conclusion

In summary, we have demonstrated desulfonylative functionalization reactions of
organosulfones through the selective cleavages of inert (hetero)aryl C(sp?)—SO, bonds.
Since the seminal achievement in the 1970s, various desulfonylative cross-coupling reac-
tions have been developed to form valuable carbon—carbon and carbon-heteroatom bonds,
along with the discoveries of novel catalytic protocols including transition metal catalysis,
photocatalysis, and others. Mechanism studies showed the involvement of (hetero)aryl-
metal-SO; species or radical processes. Despite the excellent progress in this field, several
aspects should be stressed in developing new desulfonylative functionalization reactions
in the future. For example, the cleavage of aromatic C(sp?)—SO, bonds in unsymmetrical
diarylsulfones generally tended to occur at the one linked to more electron-withdrawing
substituents. For the desulfonylative functionalization of aryl sulfones, specific directing
groups or alkyl substituents or harsh conditions such as the use of excess amounts of
organometallic reagents or reductants, high catalyst loadings, and high temperature are
usually required. Due to the inert reactivity of (hetero)aryl C(sp?)—SO, bonds, examples
of desulfonylative cross-coupling reactions to afford carbon-heteroatom bonds are much
limited. Therefore, expansions of the sulfone substrate and reaction scopes, employments
of milder reaction conditions with the developments of innovative catalytic protocols will
be crucial in the future.
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Abstract: Glucosinolates (GSLs) in different plant parts of broccoli (Brassica oleracea var. italic) and
rocket (Eruca vesicaria) were analyzed qualitatively and quantitatively before and after treatment with
sodium selenate (2 and 5 mM), by their desulfo-counterparts using the UHPLC-DAD-MS/MS tech-
nique. Twelve GSLs were detected in broccoli (five aliphatic, one arylaliphatic, and six indolic), where
4-(methylsulfanyl)butyl GSL (glucoerucin) was the main one in the roots (4.88-9.89 umol/g DW),
4-(methylsulfinyl)butyl GSL (glucoraphanin) in stems (0.44-1.11 pmol/g DW), and 4-hydroxyindol-
3-ylmethyl GSL (4-hydroxyglucobrassicin) in leaves (0.51-0.60 umol/g DW). No GSL containing
selenium was detected in the treated broccoli. Ten GSLs were detected in rocket (seven aliphatic
and three indolic), where 4-(methylsulfanyl)butyl GSL (glucoerucin) was the main one in the roots
(4.50-20.59 pmol/g DW) and 4-methoxyindol-3-ylmethyl GSL (4-methoxyglucobrassicin) in the aerial
part (0.57-5.69 pmol/g DW). As a result of induced stress by selenium fertilization, the total GSL
content generally increased in both plants. In contrast to broccoli, the roots and the aerial part of the
rocket treated with a high concentration of sodium selenate contained 4-(methylseleno)butyl GSL
(glucoselenoerucin) (0.36-4.48 pmol/g DW). Although methionine-derived GSLs are the most abun-
dant in both plants, the plants’ ability to tolerate selenate and its regulation by selenoglucosinolate
production is species- and growth-stage-dependent.

Keywords: glucosinolates; broccoli; rocket; 4-(methylseleno)butyl glucosinolate (glucoselenoerucin);
UHPLC-MS/MS

1. Introduction

Selenium (Se) is an important micronutrient required by most living organisms. The
difference between deficiency and toxicity is incredibly narrow compared to other micronu-
trients, with toxic dosages of >400 pg/day and a dietary deficiency of 40 pug/day, which is
an emerging global problem [1-3]. Plants are important sources of organic Se, as they have
the capacity to accumulate inorganic Se or metabolites and store them as organic Se forms.
Selenates (SeO,4%~) and selenites (SeO327) are the most significant inorganic forms of Se
that are easily taken by plants [4]. Selenate is the most common and fastest-assimilating
form of bioavailable Se in alkaline soils with high oxygen content, whereas selenite is
more prevalent in anoxic settings with higher acidity and humidity [4]. Plants usually
intake selenate, which is reduced, incorporated into organic compounds (selenomethionine,
selenocysteine) and further transported through the food chain, and finally decomposed
and excreted from the organism, thus completing the biogeochemical cycle of Se [5]. Se
levels in soil generally reflect its presence in foods and, therefore, its availability to humans.
With an estimated mean Se content in human soft tissues of 110 ug/kg, it was found that
the Se intake status in Europe was low, which means that the Se levels in European soils
are not sufficient [1,3]. Therefore, biofortification is an important strategy to increase Se in
the edible parts of plants.
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Based on their ability to accumulate Se, plants can be categorized into three main
groups: non-accumulators (accumulate less than 100 mg Se/kg dry weight, DW), secondary
accumulators or accumulators (accumulate up to 1000 mg Se/kg DW), and hyperaccumula-
tors (accumulate over 1000 mg Se/kg DW) [6]. The ability to hyperaccumulate Se appears
to have evolved within the Asteraceae, Brassicaceae, and Fabaceae families [6]. Broccoli
(Brassica oleracea var. italica) and rocket (Eruca vesicaria) are members of Brassicaceae family,
which is the largest family in the order Brassicales. Some known Se secondary accumulators
include several plants of the Brassica genus, such as Brassica juncea, Brassica napus, and
Brassica oleracea var. italic, whereas Se-hyperaccumulators include plants of the Cardamine
genus (Cardamine hupingshanensis, Cardamine violofolia) and Stanleya genus (Stanleya pinnata,
Stanleya bipinnata) [6,7].

Glucosinolates (GSLs) are well-defined specialized plant metabolites containing sulfur
and nitrogen which represent the molecular tags of plants from the Brassicaceae family.
Generally, they are found in 16 families of the order Brassicales, as well as several plants
outside of this order, such as the genus Drypetes (family Putranjivaceae, order Malpighiales)
and Rinorea genus (family Violaceae, order Malpighiales) [8,9]. GSLs can be divided into
three classes based on the structure of various amino acid precursors: aliphatic GSLs
derived from methionine, isoleucine, leucine, or valine; arylaliphatic GSLs derived from
phenylalanine or tyrosine; and indole GSLs derived from tryptophan. Only 90 of the
139 GSLs discovered in the plant kingdom have been thoroughly described by relevant
spectroscopy techniques (MS, NMR) to date [10-12]. Se-biofortification influences GSL
production with possible exchange positions of sulfur (S) by selenium (Se) in three places
in the side chain, in thioglucose, and in the sulfate group (Figure 1) [7].

%6 X
(|) \E) /X\/H\/N/
~N n
|
n /X\/fi\/c/
n

X=S; Se

Figure 1. Possible sites (X) for selenium to replace sulfur: green—incorporated in sulfate group;
blue—incorporated in thioglucose, and then it is selenoGSL, which produces isoselenocyanides;
red—incorporated in side chain, and then it is selenoMet-derived GSL, as breakdown results in
isothiocyanates.

Several crop species have been biofortified with Se in field or greenhouse experi-
ments where various Se sources and techniques were used. According to Stewart et al.
(1974), sinigrin, which was isolated from horseradish (Armoracia rusticana) after receiving
Na,”°SeQ,, was shown to contain Se in its structure [13]. After three weeks at high Se
concentrations (100 ppm) in water-cultured specimens of the Se-tolerant species desert
princes’ plume (Stanleya pinnata), Bertelsen et al. (1988) detected trace quantities of GSL con-
taining Se named as but-3-enylselenoglucosinolate, whereas those grown in environments
with lower, more typical Se amounts did not contain this compound [14]. Additionally, no
such selenoglucosinolates were found in garden cress (Lepidium sativum) and horseradish
(Armoracia rusticana) [14]. This selenoglucosinolate, originally defined as a compound in
which the Se atom is replaced by an S atom in the anomeric position in the GSL structure,
is converted into isoselenocyanates by enzymatic hydrolysis [14]. Since the formation of
isoselenocyanates rather than isothiocyanates significantly departs from the characteristics
of GSLs, they are, by definition, not GSLs (Figure 1).
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Matich et al. (2012) treated broccoli (B. oleracea var. italica), cauliflower (B. oleracea
L.), and forage rape (B. napus) with elevated sodium selenate and examined them for the
presence of organoselenides. Based on the analysis of broccoli and cauliflower florets,
and the roots of forage rape, the discovery of putative GSL hydrolysis products using
synthesized standards confirmed by MS and NMR, as well as by LC-MS analysis, three
Se-Met artificially derived GSLs of the general type (methylseleno)alkyl GSL are accepted:
3-(methylseleno)propyl GSL (glucoselenoibervirin [144]), 4-(methylseleno)butyl GSL (glu-
coselenoerucin, [145]), and 5-(methylseleno)pentyl GSL (glucoselenoberteroin, [146]) [15].
This analysis showed that Se is preferentially incorporated into the methylselenyl moiety
rather than the sulfate or B-thioglucose groups. A further Se-biofortification study by
Matich et al. (2015) using HPLC-MS/MS tentatively indicated glucoselenoraphanin in
broccoli (B. oleracea var. italica) florets with Se envisioned in the side chain and glucose-
lenonasturtiin in forage rape (B. napus) roots, but with Se, that could not be envisioned to
be on the side chain, suggesting a selenoGSL sensu Bertelsen et al. [14,16].

Black mustard (Brassica nigra) seeds grown on naturally Se-rich soils in the Pun-
jab region of India, where the Se soil content ranges from 2 to 7 mg/kg, were studied
by Ouerdane et al. (2013) [17]. Using HPLC ESI Orbitrap MS(/MS) and GC APCI TQ
MS/MS for the extract analysis, among over 30 Se species, they detected the presence
of “selenoglucosinolates”, namely glucoselenoibervirin and glucoselenoerucin, as well as
their corresponding degradation products 3-(methylseleno)propylisothiocyanate and 4-
(methylseleno)butanenitrile, i.e., 4-(methylseleno)butylisothiocyanate and 5-(methylseleno)
pentanenitrile, respectively. To avoid confusion with selenoglucosinolates according to
Bertelsen et al. [14], GSLs with Se in the side chain are suggested to be referred to as
selenoMet-derived GSLs [8]. The presence of Se in the side chains is fully compatible with
the definition of GSLs because they form isothiocyanates and not isoselenocyanates as
hydrolysis products (Figure 1).

The effects of Se-fertilization on GSL production in a radish (Raphanus sativus) have
been studied by McKenzie et al. (2019) throughout a period of five developmental phases
(from seed to fully developed salad greens). With the double bond geometry still unclear,
they used tandem mass spectrometry to determine the existence of a novel Se-containing
GSL, 4-(methylseleno)but-3-enyl GSL (also named selenoglucoraphenin) [18]. By using
GC-MS, two similar isothiocyanates of 4-(methylseleno)but-3-enyl isothiocyanate were
tentatively identified as (E/Z?) isomers. Se-biofertilization of mature radish led to the
presence of selenoglucosinolates in the seed [18].

The aim of this study is to investigate the influence of Se intake and its metabolism,
with special emphasis on the identification and quantification of GSLs and selenoMet-
derived GSLs. For this purpose, cultivated broccoli (Brassica olaracea var. italic) and rocket
(Eruca vesicaria) were watered with sodium selenate salt solutions (Na;SeQO,) of different
concentrations for 35 days and GSLs were analyzed by UHPLC-DAD-MS/MS according to
the ISO 9167-1 official method [19].

2. Results and Discussion
2.1. Effect of Selenium Treatment on Broccoli

Brassica oleracea var. italica, a young plant which, after 18 days, had no developed
flowers or florets, was exposed to NaySeO, concentrations of 2 mM and 5 mM over a
period of 35 days. During that time period, the plants did not exhibit any signs of decay
of the existing plant parts throughout cultivation. The detrimental influence of selenate
solution on the aerial part’s growth was notable when compared to the reference plant’s
height, which was 33 cm, and in comparison to 25 cm of the plant exposed to 5 mM selenate
solution (Figure S1, Table S1). Se-biofertilization had a detrimental effect on root growth,
as evidenced by the fact that the reference plant’s measured roots were 24 cm long com-
pared to 6 cm length of roots watered with the highest Na;SeO4 concentration (Figure S1,
Table S1). The symptom of Se exposure is a reduction in root elongation. Selenate treat-
ment was shown to decrease cytokinin oxidase transcript levels. Cytokinin oxidases in
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Arabidopsis are known to catalyze the irreversible degradation of the hormone cytokinin,
in which accumulation in the root tips may partly be responsible for the root meristem
shortening [20-22]. A previous report by Adamopoulou et al. included the study of Se
toxicity on broccoli florets grown hydroponically in a greenhouse for 12 weeks [23,24]. The
plants were fortified with two different concentrations of sodium selenate (1.5 mM and
3.0 mM) between the 5™ and 10% week. Although broccoli florets grown in the presence
and absence of sulfur had the same weight, the absence of sulfur also led to increased
Se toxicity, which reduced weight by up to 65%. Also, the leaves’ optical characteristics
revealed no visible signs of the biofortification [23,24]. Tian et al. reported the influence of
selenium treatment on broccoli growth and showed that when S nutrition was low, Se was
particularly harmful to plants and dramatically reduced plant sizes. They proposed that
the Se toxicity could be counteracted by increasing sulfate supplementation, which would
likely occur via the decreasing non-specific integration of Se into proteins and altering the
redox system [25].

GSLs were qualitatively and quantitatively analyzed via desulfated forms using
UHPLC-DAD-MS/MS, and the results are presented in Table 1 and Figure 2, as well
as in the Supplementary Materials (Figures S3-56).

QG
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LL -0 T\L
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|
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Figure 2. Structures of the GSLs identified in Brassica oleracea var. italica (cf. Table 1).
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Five Met-derived desulfoGSLs (dGSLs) with sulfur in the side chain, one Phe-derived
dGSL, and six Trp-derived dGSLs were identified. Based on the obtained [M+Na]*, no
GSLs with Se in the structure were detected. At tg = 8.30 min, [M + Nal* = 437 was
observed, which was assumed to be a hitherto unidentified dGSL, and was labeled [X].
The UV spectrum of dGSL indicated that it is an indole GSL, and the MS? spectrum was
recorded in order to identify the characteristic fragments (Figure S6). Fragments m/z 185
(“a”, Na* adduct of C¢H19Os) and m/z 274 (“c”, loss of CgH19Os) are observed, which
suggested that it is a GSL. The fragment m/z 389 indicated the loss of the methoxy and
hydroxyl groups. Based on this information, hydroxymethoxyglucobrassicin was proposed,
since it is known that hydroxylation and the subsequent methylation of the indole ring
takes place at positions 1 and 4 (R; and Ry, respectively, Figure 2) [26]. Namely, the key
enzymes are cytochrome P450 monooxygenases of the CYP81F subfamily, which carry
out hydroxylation reactions at position 4 or 1 of the indole ring. IGMT enzymes, which
belong to the family of plant O-methyltransferases, convert hydroxy intermediates into
methoxylated products, and the enzyme IGMTS5 specific for position 1 of the indole ring
was found, i.e., IGMT1-4 enzymes specific for position 4 [27].

The aliphatic and indole GSL type represent the major GSL found in the analyzed plant
parts, with the roots having the highest GSL content. The total content of GSLs in the roots
increased for both solution concentrations added (2 mM and 5 mM) when compared to
the control and differed significantly (p < 0.05). Glucoerucin (84), as the main GSL in roots,
significantly increased from 4.88 pumol/g DW to 9.05 and 9.89 umol/g DW, respectively.

Several studies have reported the existence of Se-GSLs in certain plant parts, such as
florets and roots, after the Se-biofertilization of GSL-containing plants. Matich et al. (2012,
2015) showed the presence of Se-GSLs in biofortified broccoli florets [15,16]. However,
the same plant in our study did not reach this stage of development (no florets) and no
Se-GSLs were detected. According to Tian et al., the total GSL contents of broccoli sprouts
determined by glucose from GSL hydrolysis were not significantly changed by the impacts
of Se treatments (100 pmol/L selenite and selenate) [25]. However, since the analysis was
not conducted in accordance with the ISO 9167 standard method [19], this should only be
accepted cautiously.

2.2. Effect of Selenium Treatment on Rocket

Eruca vesicaria (rocket), a 24-day old plant, was also exposed to NaySeO4 concentra-
tions of 2 mM and 5 mM over a period of 35 days. A similar detrimental influence of
Se-biofortification on morphological characteristics was observed for rocket as in broccoli.
When sodium selenate (5 mM) was applied, the plant’s height decreased from ca. 23 cm to
8 cm and its root length from ca. 15 cm to 10 cm. In this case, the aerial part biomass de-
creased, and the beginning of decay was observed for the highest concentration (Figure S2,
Table S2).

GSLs were qualitatively and quantitatively analyzed via desulfated forms using
UHPLC-DAD-MS/MS, and the results are presented in Table 2 and Figures 3 and 4, as well
as in the Supplementary Materials (Figures S7-512).

Six methionine-derived GSLs and three indole ones were identified in the rocket.
By comparing the chromatograms obtained for the root and aerial component, it was
discovered that Se-treated samples exhibit a signal that is not present in the reference plant,
particularly in the root. Its [M+Na]* was 412 at tg = 7.6 min, which did not correspond to
previously known GSL of that mass. It was assumed that it is selenomethionine-derived
selenoglucosinolate, namely glucoselenoerucin ([145]), whose desulfo form structure is
given in Figure 4, since the obtained mass corresponds to this dGSL when sulfur is replaced
by selenium.
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Figure 3. Structures of the GSLs identified in Eruca vesicaria (cf. Table 2).

In the MS? spectrum, fragments marked “a”, “b”, “c”, and “d” are present, indicating
that Se was not found in the thioglucose part, but in the side chain derived from selenome-
thionine (Se-Met). Right next to 412, 410 appears, which is assumed to be the isotope
of selenium 78, so MS? was obtained for this [M + Na]* and fragment m/z 185 (a) was
also observed (Figure 512). According to previous literature, this selenoglucosinolate was
identified for the first time through its desulfated form and its MS? was shown for the

first time.
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Figure 4. Structure of desulfoglucoselenoerucin d[145] and MS? spectra of its sodium adduct. Frag-
ment types observed, alone or in combination, in MS? spectra desulfoglucosinolates in positive mode:
a—Na™* adduct of anhydroglucose, C¢H1¢Os (at m1/z 185) or an acyl derivative; b—Na™ adduct of
thioglucose, C¢H;105SH (at m/z 219) or an acyl derivative; c—Loss of anhydroglucose (1/z 162) or
an acyl derivative; d—Na* adduct of glucose, C¢Hi,Og (at m/z 203) [28].

The total GSL content is related mostly to the content of aliphatic GSLs, with the
highest found in the roots. The occurrence of this GSL derived from Se-Met can be related
to the high content of its sulfur analogue glucoerucin (84), and the highest content was
obtained in the roots of the plant treated with 2 mM solution, 4.48 umol/g DW. With the
addition of 5 mM sodium solution, rocket showed the signs of decay and the total GSL
content decreased, having 14.21 and 2.47 umol/g DW in the roots and aerial parts, in
comparison to the control having 32.34 and 13.24 umol/g DW, respectively, and differed
significantly (p < 0.05). Consequently, the content of GSL [145] decreased. Dall’Acqua et al.
studied the Se-biofortification of two rocket species (Eruca sativa = E. vesicaria and Diplotaxis
tenuifolia) grown at 0-40 uM NaySeO, in hydroponics and also showed a GSL decrease [29].
Contrary to our investigation, selenoglucosinolates have not been reported in these species.
Also, they showed that selenium treatment reduced cysteine and methionine content, and
glutathione (GSH), whose precursor is cysteine, also showed a trend toward reduction;
thus, a decrease in GSLs, also observed in this study, may be explained by the negative
effects of selenate on aminoacids biosynthesis, during which selenoamino acids can be
formed and be incorporated into proteins and/or form selenoGSLs [30].

3. Materials and Methods
3.1. Materials and Reagents

4-(Methylsulfinyl)butyl GSL (glucoraphanin, 64), 4-(methylsulfanyl)butyl GSL (glu-
coerucin, 84), 5-(methylsulfanyl)pentyl GSL (glucoberteroin, 94), 9-(methylsulfinyl)nonyl
GSL (glucoarabin, 68), 10-(methylsulfinyl)decyl GSL (glucocamelinin, 65), 2-phenylethyl
GSL (gluconasturtiin, 105), indol-3-ylmethyl GSL (glucobrassicin, 43), 4-hydroxyindol-3-
ylmethyl GSL (4-hydroxyglucobrassicin, 28), 4-methoxyindol-3-ylmethyl GSL (4-methoxyg-
lucobrassicin, 48), and N-methoxyindol-3-ylmethyl GSL (neoglucobrassicin, 47) were pur-
chased from Phytoplan Diehm & Neuberger GmbH (Heidelberg, Germany). 4- Hydroxy-
benzyl GSL (glucosinalbin, 23) was isolated from Sinapis alba seeds and 3-(methylsulfinyl)
propyl GSL (glucoiberin, 73) was isolated from Anastatica hierochuntica, both confirmed by
NMR. All other chemicals and reagents were of analytical grade.
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3.2. Plant Growth and Harvesting

Young plants of Brassica oleracea var. italica (broccoli), one month old and with a total
height of 18 cm (root 4 cm), were transplanted into pots (one plant per pot) (dimensions,
(w x d x h)12 x 12 x 10 cm) with soil Potgrond H (Potgrond H 70, Klasmann-Deilmann
GmbH, Geeste, Germany) (pH = 6.0) and watered with tap water during the next fifteen
days in order to adapt. On the fifteenth day after transplantation, the height of the above-
ground part was measured, which was 18 cm, and the height of the stem was 10 cm. The
reference plant was watered only with water, whereas the remaining two plants were
watered with prepared solutions of sodium selenate with a concentration of 2 mM and
5 mM (three repetition per experiment). During cultivation, the plants were watered with
tap water for 35 days, and they were biofortified twice a week with a 20 mL selenate
solution. We estimate this selenium application to be equivalent to ca. 22 and 55 kg/ha,
respectively, which is considerably higher than the 3-76 g/ha applied to agricultural and
forage crops [15,16]. The growth and development of the above-ground part were recorded
throughout the period, and on the 35" day from the beginning of watering, the length of
the roots and the height of the above-ground part were measured.

Eruca vesicaria (rocket) was grown from the seeds of the Italian distributor Impex s.r.1.
cement, obtained from the Sjeme store, Split, Croatia. Seeds (100 mg) were placed in each
cultivation pot (n = 3) with soil Potgrond H and germination began on the 3rd day after
watering. On the 10th day, the plants were transplanted into three larger pots (dimensions,
(w x d x h) 12 x 12 x 10 cm) and on the 24™" day after sowing, watering with sodium
selenate solutions was started. The height of the aerial part of the plants before watering
was 7.5 cm, and the length of the roots was 3 cm.

After collection, all plants were washed with tap water and lyophilized. They were
divided into the root and aerial part for the purpose of the qualitative and quantitative
analysis of GSLs. The lengths of plant parts were measured by a ruler with an accuracy of
0.1 cm, for the control and each treatment (1 = 3).

3.3. Isolation and Chemical Analysis
3.3.1. Isolation of Desulfoglucosinolates

GSLs were extracted as previously reported [31]. Freeze-dried plant parts were ground
to a fine powder, from which 100 mg was extracted for 5 min at 80 °C in 2 x 1 mL
MeOH/H;0 (70:30 v/v) to inactivate the endogenous myrosinase. Each extract (1 mL) was
loaded onto a mini-column filled with 0.5 mL of DEAE-Sephadex A-25 anion-exchange
resin (GE Healthcare) conditioned with 25 mM acetate buffer (pH 5.6). After washing
the column with 70% MeOH and 1 mL of ultrapure water, the optimal conditions for
desulfation were set by adding a buffer solution. Each mini-column was loaded with 20 pL
(0.35 U/mL) of purified sulfatase and left to stand for 18 h at room temperature. The
desulfoGSLs were then eluted with 1.5 mL of ultra-pure H,O, lyophilized, and diluted to
1 mL. The samples were stored at —20 °C until further analysis by UHPLC-DAD-MS/MS.

3.3.2. UHPLC-MS/MS Analysis

Analysis was performed on UHPLC-MS/MS (Ultimate 3000RS with TSQ Quantis
MS/MS detector, Thermo Fisher Scientific, Waltham, MA, USA) using a Hypersil GOLD
column (3.0 pm, 3.0 x 100 mm, Thermo Fisher Scientific, Waltham, MA, USA). A gradient
consisting of solvent A (50 pM NaCl in H,O) and solvent B (acetonitrile:H,O 30:70 v/v)
was applied at a flow rate of 0.5 mL/min as follows: 0.14 min 96% A; 7.84 min 14% A;
8.96 min 14% A; 9.52 min 5% A; 13.16 min 5% A; 13.44 min 96% A; 15.68 min 96% A. The
column temperature was held at 15 °C for E. vesicaria dGSLs and 25 °C for B. oleracea var.
italica dGSLs and the injection volume was 5 uL. The electrospray interface was an H-ESI
source operating with a capillary voltage of 3.5 kV at 350 °C. The system was operated in
the positive ion electrospray mode.

Qualitative analysis was performed by the manual examination of chromatograms
and MS? spectra of each peak of desulfoglucosinolate as sodium adduct ((M+Na]*). The
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amount of GSLs was quantified using a calibration curve of pure desulfosinigrin solution
(range from 0.14 to 1.4 mM) and RPFs for each individual desulfoGSL [31]. The RPF values
for quantification of desulfoGSLs were as follows: RPF 1.07 for 3-(methylsulfinyl)propyl
GSL (glucoiberin, 73) and 4-(methylsulfinyl)butyl GSL (glucoraphanin, 64); 0.80 for 3-
(methylsulfanyl)propyl GSL (glucoibervirin, 95); 1.04 for 4-(methylsulfanyl)butyl GSL (glu-
coerucin, 84); 0.50 for glucosinalbin (23); 0.95 for gluconasturtiin (105); 0.29 for glucobras-
sicin (43); 0.28 for 4-hydroxyglucobrassicin (28); 0.25 for 4-methoxyglucobrassicin (48); 0.20
for N-methoxyglucobrassicin (47) and 1,4-dimethoxyindol-3-ylmethyl GSL (138) [32,33];
arbitrary RPF 0.25 for hydroxymethoxyglucobrassicin ([X]), and 1.0 for 5-(methylsulfanyl)
pentyl GSL (glucoberteroin, 94), 9-(methylsulfinyl)nonyl GSL (glucoarabin, 68), 9-(methyl-
sulfonyl)nonyl GSL (79), 10-(methylsulfinyl)decyl GSL (65), 4-(methylseleno)butyl GSL
[145], 4-(3-D-glucopyranosyldisulfanyl)butyl GSL (135), and dimeric 4-mercaptobutyl GSL
(134). The bold numbers are related to the GSL number given in the review paper by
Blazevi¢ et al. [10].

3.4. Statistical Analysis

One-way analysis of variance (ANOVA) was performed with SPSS software, version
25.0 (IBM Corporation, New York, NY, USA), in order to determine the difference between
treatments. First, the data were tested for normal distribution and log-transformed for
further analysis. One-way ANOVA was performed if the requirement of homogeneity
of variance was fulfilled; otherwise, Welch correction was performed first. If there was a
statistically significant effect between different treatments, Tukey’s honest significant test
was performed with a significance level of p < 0.05.

4. Conclusions

The morphological changes and changes in GSL content in broccoli and rocket were
used to track the stress caused by selenate. Morphological alterations were detected in
the form of decreased root development, which can be explained by the competing action
of sulfate and selenate. Both plants” principal GSLs were produced from methionine
biosynthesis, with the major GSL being 4-(methylsulfanyl)butyl GSL (glucoerucin, 84).
However, only rocket biosynthesized the Se analogue of 84, 4-(methylseleno)butyl GSL
(glucoselenoerucin, [145]). Se was determined in the side chain based on distinctive
fragmentations in the MS? spectrum, which was recorded and analyzed for the first time for
this desulfoselenoglucosinolate. Although other Met-derived GSLs with sulfur in the side
chain have been identified, no Se analogues have been found. This study emphasizes the
importance of plant tolerance to selenate and the growth stage, such as in broccoli, where
biofortification should begin as soon as the florets begin to emerge from the meristerm and
not before.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/molecules28207203/s1, Figure S1. Broccoli (Brassica oleracea var. italic) watered with water
(reference) and different concentrations of sodium selenate solution; Table S1. The effect of selenate
treatments on B. oleracea var. italic; Figure S2. Rocket (Eruca vesicaria) watered with water (reference)
and different concentrations of sodium selenate solution.; Table S2. The effect of selenate treatments
on E. vesicaria; Figure S3. Chromatograms of desulfoglucosinolates (column temperature 25 °C)
obtained from the roots of Brassicca oleracea var. italica before and after the treatment with Nay;SeQOy;
Figure 54. Chromatograms of desulfoglucosinolates (column temperature 25 °C) obtained from the
stem of Brassicca oleracea var. italica before and after the treatment with Na;SeOy; Figure S5. Chro-
matograms of desulfoglucosinolates (column temperature 25 °C) obtained from the leaf of Brassicca
oleracea var. italica before and after the treatment with NaySeOy; Figure S6. MS? spectra at 15V and
20V of desulfo-4-hydroxy-N-methoxyglucobrassicin; Figure S7. Chromatograms of desulfoglucosi-
nolates (column temperature 15 °C) obtained from the roots of Eruca vesicaria before and after the
treatment with NaySeOy; Figure S8. Chromatogram of desulfoglucosinolates (column temperature
15 °C) obtained from the aerial part of Eruca vesicaria before and after the treatment with NaySeOy;
Figure S9. Chromatograms of desulfoglucosinolate (dGSL) standards.; Figure S10. MS? spectra
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of desulfoglucosinolates.; Figure S11. MS and UV spectra of detected desulfoglucoselenoerucin.
Figure S12. MS? spectra at 15V of desulfoglucoselenoerucin formed during biofortification (two
isotopes of Se—m/z 410 and 412).
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Abstract: A Sonogashira coupling of meta-iodocalix[4]arene with various terminal acetylenes con-
firmed that the meta position of calixarene is well addressable, and that both thermal and microwave
protocols led to good yields of alkynylcalixarenes. Alkynes thus obtained were subjected to the ferric
chloride and diphenyl diselenide-promoted electrophilic closure. It turns out that the calix[4]arenes
give completely different bridging products than those described for the non-macrocyclic starting
compounds. This can be demonstrated not only by the isolation of products with a six-membered
ring (6-exo-dig), but mainly by the smooth formation of the 5-endo-dig cyclization, which has never
been observed in the aliphatic series. An attempt at electrocyclization led to a high yield of the 1,2-
diketone (oxidation of the starting alkyne), again in contrast to the reaction described for the acyclic
derivatives. The structures of the unexpected products were unequivocally established by X-ray
analysis and clearly demonstrate how the preorganized macrocyclic skeleton favors a completely
different regioselectivity of cyclization reactions compared to common aliphatic compounds.

Keywords: calixarene; Sonogashira coupling; meta-substitution; alkyne cyclization; diphenyl
diselenide; 6-exo-dig and 5-endo-dig cyclization; regioselectivity; electrochemistry; X-ray analysis

1. Introduction

Calixarenes [1,2] have become an integral part of modern supramolecular chemistry,
where they have found wide application due to their unique properties. Their use as
building blocks or molecular scaffolds with the possibility of purposefully changing the
3D structure of the basic skeleton (e.g., immobilization of four different conformations
(atropisomers) in the case of calix[4]arene) makes them an ideal choice for the design and
synthesis of new receptors and similar functional molecular systems [3,4].

Calix[4]arenes show an almost unlimited possibility of derivatization of the basic
skeleton, enabling the introduction of desired functional groups at virtually any place in
the macrocycle. Currently, many strategies are known leading to regio- or stereo-selective
derivatization of basic calix[4]arene, usually based on a combination of alkylation reactions
on the lower rim (OH groups) and electrophilic substitution of the upper rim (aromatic
part). In this context, however, we come across a limitation given by the directing effects
of the substituents present in the macrocycle (OH, OR), where electrophilic substitution
takes place preferentially in the para position to these groups. For this reason, in calixarene
chemistry, meta substitution [5] represents a synthetic challenge, and the meta substituted
derivatives appear only rarely.
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Systematic studies on the calix[4]arene I reactivity surprisingly revealed that the re-
action with mercury trifluoroacetate (Hg(TFA),) leads to a direct substitution [6] of the
hitherto practically inaccessible meta position (Scheme 1). The formation of an organomer-
cury compound II then enabled the preparation of new types of calixarenes with a meta-meta
bridged upper rim [7]. These compounds are not only interesting because of their highly
increased rigidity (see e.g., III and IV), but often also represent inherently chiral systems
potentially suitable for the design of chiral receptors (V-VII) [89].

Scheme 1. The upper rim-bridged calix[4]arenes bearing five-membered, six-membered and seven-
membered rings within the molecules.

The bridging of two adjacent aromatic nuclei in the meta position leads to the formation
of condensed tricyclic systems having a five-, six-, or seven-membered ring (Scheme 1).
While a number of systems having a five- or six-membered ring have been prepared, only
three seven-membered systems (V—-VII) have been described so far [8,9]. Thus, compounds
of type V were obtained by cyclization of the corresponding meta-amides, and compounds
VI and VII were obtained from ketone IV using a ring extension via Baeyer-Villiger or
Beckmann rearrangements.

Since different cycle sizes introduce different internal strains into the macrocyclic
system, we thought it interesting to apply a bridging reaction that could provide different
sizes of cyclic moieties. Such a reaction could be the cyclization of alkynes proceeding
either by the exo-dig or endo-dig mechanism (Baldwin’s rules), where both processes are
allowed (Scheme 2) [10]. This paper describes an effort to prepare the above systems, which
show a surprising preference of calix[4]arene skeleton compared to acyclic molecules.

7-endo-dig
cyclization

6-exo-dig
cyclization

Scheme 2. meta-Alkynylcalix[4]arenes and possible regioisomers formed by their cyclization.
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2. Results and Discussion

Starting calix[4]arene 1 immobilized in the cone conformation was successively reacted
with mercury(Il) trifluoroacetate (Hg(TFA);) and sodium chloride using a literature proce-
dure [6]. The corresponding meta-substituted chloromercurio derivative 2 was obtained
regioselectively in good yield (70%). A subsequent reaction with iodine provided the
meta-iodo derivative 3 in 58% yield (Scheme 3) [8]. The introduction of triple bond into the
calixarene skeleton was carried out by Sonogashira coupling [11,12], which is well known
for terminal alkynes. This reaction has already been successfully used several times in cal-
ixarene chemistry, but it involved either the para position of the aromatic subunit [13-15] or
the transformation of the lower rim of the macrocycle [16,17]. The reactivity of the halogen
in the meta position was therefore unknown. To study this cross-coupling of compound
3, a series of substituted aromatic acetylenes 4a—e completed with a silyl- derivative 4f
was selected.

(1) Hg(TFA)
CHCl,

(2) NaCl

3 (58%)

(a)

H———mR 4a-e
A) Cul, Pd(PPhg)zC]z
®) piperidine, 100 °C, 3 d

B) Pd(PPhj),, Cul, piperidine
in THF, 70 °C, MW, 4h
(c)

MeO

Scheme 3. Sonogashira coupling of meta-substituted calixarenes.

Based on the literature search [11], we applied two different implementations of
the Sonogashira reaction: (i) classical heating on a magnetic stirrer and (ii) application of
microwave reactor. Thus, heating compound 3 with 4a and Pd(PPh;),Cl, /Cul in piperidine
at 100 °C for 3 days gave the expected product 5a in 89% yield. The reaction carried out
in a microwave reactor (Pd(PPh3)s/Cul, piperidine in THF) at 70 °C for 4 h provided the
same product in 74% yield. A similar trend, i.e., a higher yield upon classical heating, was
observed for all electron-donating substituents (5a—c) and the silyl-substituted derivative
5f, see Table 1. In contrast, both derivatives bearing electron-withdrawing substituents 5d
and 5e were obtained in a higher yield upon microwave reaction (compare 33% vs. 47%
for 5e).

Table 1. The yields of the Sonogashira cross-coupling of calixarene 3 with acetylenes 4a—4f.

Product Method A @ Method B
5a 89% 74%
5b 96% 62%
5¢ 64% 58%
5d 27% 39%
5e 33% 47%
5f 83% 75%

@ Method A: Pd(PPh3),Cl, /Cul in piperidine at 100 °C, stirring for 3 days. ® Method B: Pd(PPh3),/Cul,
piperidine in THF at 70 °C for 4 h, microwave oven.
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Alkynes thus obtained were subjected to the recently described iron(Ill) chloride and
diorganyl diselenide-promoted electrophilic closure [18-20], giving selectively the seven-
membered cyclization products [18]. The reaction of 5b carried out under the conditions
described in the literature (alkyne + Ph,Se; (0.55 equiv.) + FeCl; (1.0 equiv.) in CH,Cl, at
RT) gave practically unreacted starting compounds. In order to achieve higher conversion
of the calixarene derivatives, we increased the number of equivalents of both reagents,
and the reaction was carried out at a higher temperature (Scheme 4). Thus, heating of
5b with 2.5 equivs. of iron(Ill) chloride and 2 equivs. of Ph;Se; in dichloromethane at
30 °C for 4 h gave a crude reaction mixture with 42% of unreacted starting compound.
The column chromatography on silica gel provided an expected cyclized product (20%
yield) as indicated by the HRMS (ESI+) peak at m/z = 871.3240 well corresponding to
the theoretical value for C54Hs¢04SeNa* ion (m/z = 871.3245). Other fractions contained
derivatives that were apparently bridged but lacked varying numbers of propyl groups
(*H NMR), indicating a concurrent dealkylation reaction. The 'H NMR spectrum of the
product (CDCl3, 400 MHz) showed eight doublets with typical geminal coupling constants
(13-15 Hz) corresponding to the signals of the methylene bridges (3.00 to 4.7 ppm) in the
cone conformation. Unfortunately, despite our efforts, it was not possible to decide between
the two possible structures 6b and 7b using NMR spectroscopy.

Ph-Se-Se-Ph
FeCls, CH,Cly, 1t

o] 0\ o] OoHO" O
R I
Pr Pr Pr Pr Pr
7b (20%) 8b (10%)

Scheme 4. An attempted cyclization of 5b with Ph,Se, /FeCls system.

The final proof of the product structure was performed using single crystal X-ray
diffraction analysis. The product is in the form of a six-membered ring structure 7b
crystallized in a triclinic crystal system, space group P-1, and adopted the cone conformation
(Figure 1a). The alkylidene bridge results not only in the rigidification of the calixarene
skeleton, but also in the partial flattening of the originally square shape of the cavity. This
can be demonstrated on different lengths of the main diagonals (the distance between two
opposite Ar-CH,-Ar carbons, compare 7.754 vs. 6.421 A, Figure 1b).

The presence of two different substituents on the double bond makes the molecule
inherently chiral, with both enantiomers included in the unit cell as the independent
molecules (racemic mixture). The opposite enantiomers are held together throughout the
crystal packing of 7b (Figure 1c) by the CH-m interactions between the O-CH,- group
and the phenyl selenyl moiety (CH:--C, distance = 2.880 A). At the same time, the close
contacts between PhSe groups can be found, based on the T-shaped 7-7t interactions [21,22]
between phenyl moieties (Figure 1c).

Compound 5a also afforded the cyclization product 7a in low yield, which, however,
could not be sufficiently purified for analysis. Nevertheless, the structure was determined
by comparing its 'H NMR spectrum with that of 7b. At the same time, the HRMS (ESI+)
showed a molecular peak at m/z = 931.3453 (compared with the theoretical value 931.3447
for the [M + Na]* ion). Under the same conditions, nitro compound 5d gave only a
trace amount of product (TLC, HRMS), indicating a negative influence of the electron-
withdrawing group on the course of the reaction (conversion ca 1% (*H NMR)). Similar
conclusions can be drawn for compound 5e.
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Figure 1. Single crystal X-ray structure of 7b: (a) the side view, (b) top view showing the main
diagonals, (c) dimeric motif within the crystal packing based on the CH:-- 7 and the 7-7t (T-shaped)
interactions (red = O, orange = Se, white = H, beige = C atom:s).

Since all cyclization attempts exhibited low conversion of the starting compound,
we tried to increase the reaction temperature by using DCE as a solvent. Reaction of 5b
with PhySe; and FeCl3 (both 2.5 equiv) under reflux (85 °C) gave a very complex reaction
mixture. As it was proved by means of model reactions, FeCls; is a strong dealkylating
agent under these conditions, so that a partial non-selective dealkylation of both starting
substances and products took place. The isolation by preparative TLC gave the bridged
product 8b in low yield (Scheme 4). The 'H NMR spectra (400 MHz, CDCl;) measured at
room temperature showed two singlets at 8.21 and 8.31 ppm, indicating the presence of
free phenolic groups. The aliphatic part of the spectrum contains signals of only two propyl
groups, which proves the partial dealkylation of the starting macrocycle. Interestingly,
instead of 8 doublets with a geminal coupling constants, only two sets of three doublets
(J = 12.5-13.7 Hz) were seen for the methylene linkages (3.20, 3.28 and 3.37 ppm for the
equatorial and 4.06, 4.36 and 4.44 ppm for axial CH bonds). The last bridge showed only
singlet at 5.42 ppm corresponding to one hydrogen. This suggests that one methylene
group was transformed during the reaction, but the actual structure remained unknown.

This problem was unequivocally solved by single crystal X-ray diffraction analysis.
Compound 8b crystallizes in a monoclinic crystal system, space group P2; /n, and forms
a CH,Cl, solvate with 1:1 stoichiometry. As shown in Figure 2a,b, calixarene adopts
the cone conformation containing the five-membered ring formed by the addition of the
methylene bridge to the alkyne moiety. The unexpected cyclization is accompanied by
the introduction of a second PhSe- group into the para position of the opposite aromatic
subunit. Both phenols bearing the substitution are dealkylated at the same time. The cone
conformation is held by hydrogen bonds between the free OH groups and the oxygens
of the neighbor propoxy functions (OH:--O distance = 1.955 and 1.969 A). The presence
of the indene moiety within the backbone has surprisingly little effect on the shape of the
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cavity, which can be demonstrated by its approximately square shape (the length of the
main diagonals is 6.952 vs. 7.426 A), see Figure 2a.

Figure 2. Single crystal X-ray structures of compound 8b: (a) the top view and (b) the side view,
showing the cone conformation with the corresponding hydrogen bods (dashed lines) and the main di-
agonals (solid lines), (c) dimeric self-inclusion motif within the crystal packing based on the 7t-7t inter-
actions (dashed line) between opposite enantiomers (Se atoms and interacting aromatic units shown
as balls, the CH,Cl, solvate molecules removed for better clarity), (red = O, orange = Se, white = H,
beige = C atoms).

Since molecule 8b is inherently chiral, the crystal contains both enantiomers (racemic
mixture), which form an interesting dimeric motif (Figure 2c). The aromatic subunits of
opposite enantiomers bearing the propoxy groups are nested into each other’s adjacent
cavity to form self-included dimers. The aromatic subunits are ideally coplanar interacting
via the 7-7t interactions with each other in the so-called parallel stacked arrangement. The
interplanar spacing of these aromatic subunits is exceptionally short (only 3.241 A, while
the usual distance is around 3.5 A), indicating unusually strong -t interactions.

The formation of product 8b is completely unexpected and to the best of our knowl-
edge, there is no example of similar structures in the literature. The selenium-mediated
electrophilic cyclization reaction is well known in the art and has been used to construct a
variety of structures [19,23-25]. On the other hand, although the FeCl; /Ph;Se; promoted cy-
clization of o-alkynyl substituted diaryl methanes (a structural fragment within a calixarene
moiety) has been investigated in detail, [18] the formation of a five-membered product of
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type 8 has never been observed (Scheme 5). The formation of indene structures [26] from
o-substituted aryl alkynes is known, but it is based on direct C(sp®)-H activation using
Au(l) [27] or Pt(II) [28] catalysts. A similar reaction was also achieved by the intramolecular
addition of triarylmethanes [29] to the alkynyl group in the ortho position induced by the
presence of a base (+-BuOK), but it was never reported for selenium-induced cyclization.

R
/
£ 'Y‘
C
o]
R
path A
7-endo-dig path B
6-exo-dig
PhSe PhSe SePh
CIO&]
R
A
7 ?
R 7

Scheme 5. The cyclization of meta-alkynylcalix[4]arenes the three different arrow colors show the

three possible reaction pathways leading to the corresponding products.

Furthermore, it is noteworthy that the aforementioned FeClz /Ph;Se; cyclization stud-
ies describe endo-dig cyclization leading to products of type 6 as the sole exclusive reaction
pathway (path A, Scheme 5) [18,19]. In this respect, the calix[4]arene skeleton represents a
unique system, since we did not observe the formation of a seven-membered cycle in any
case. A possible explanation lies in the fact that the relative position of the neighboring
aromatic nuclei imposed by the macrocyclic structure favors 6-exo-dig (type 7) or 5-endo-dig
(type 8) over 7-endo-dig (type 6) cyclization, i.e., reaction pathways that are unknown for
common acyclic derivatives (Scheme 5).

From this point of view, the reaction of the methoxy derivative 5¢ was very surprising.
The cyclization of the alkyne proceeded smoothly already at 30 °C (100% conversion),
whereby two products were isolated from the reaction mixture (Scheme 6). The HRMS
(ESI+) of the main product 9c (37% yield) showed a molecular peak at
m/z = 901.3345 which corresponded to the expected mass of the cyclized product
m/z = 901.3342 (IM + Na]* ion). The 'H NMR (CDCl3, 298 K, 400 MHz) comprised
two sets of three doublets for the methylene bridges (J ~ 13.3 Hz), together with a singlet
at 5.70 ppm (1H). This splitting pattern is very similar to that of compound 8b and refers to
cyclization via a single methylene bridge. The second isolated product was assigned as
the same type of structure, but lacking one propyl unit. Based on two-dimensional NMR
experiments (HSQC, HMBC) it appears most likely that this derivative has the structure 10c
with the OH group in the indene fragment (Scheme 6). Thus, the result again reflects the
remarkable regioselectivity of the reaction, where the cyclization proceeds only through the
adjacent methylene bridge, while the expected bridging of the adjacent aromatic subunit
was not observed at all.

The FeClz-mediated electrophilic selanylation/annulation of meta-substituted cal-
ixarenes showed very unexpected results; however, the use of a Lewis acid led to relatively
low yields due to dealkylation of the lower rim of the calixarene. To avoid this, we decided
to apply the recently described method based on the action of diphenyl diselenide under
electrochemical conditions [30,31]. Thus, the reaction of 5b with 0.6 equiv. of PhySe; in
MeCN in the presence of LiClO, as an electrolyte was carried out in an undivided cell
under constant current electrolysis (CCE) at 10 mA for 3 h under aerobic atmosphere.
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Although the original publications promise a virtually quantitative bridging yield, we were
unable to demonstrate any cyclization. The only resulting product 11 was isolated in 73%
yield (Scheme 7), and its 1,2-diketone [32] structure was confirmed by a combination of
HRMS and NMR spectroscopy (see typical carbonyl signals at 197.92 and 195.89 ppm in
13C NMR spectrum). Altering the reaction parameters, such as using a different electrode
material (Pt vs. glassy carbon), did not lead to any changes. We attempted to eliminate the
unwanted oxidation by performing electrolysis at a constant potential (+1.5 V), which was
chosen from appropriate cyclic voltammogram (Figure S78) as the first irreversible step of
Ph;Se;. Unfortunately, compound 11 was still the only isolated product. Finally, carrying
out the reaction in a degassed solvent (purged with a stream of argon) prevented oxidation
but gave no reaction. It indicates that the mentioned methodology is not suitable for the
electrocyclization of meta-alkynyl calixarenes.

5¢c

Ph-Se-Se-Ph
FeCls, CHoCly, 1t

9c (37%) 10¢ (15%)

Scheme 6. Cyclization of methoxy derivative 5¢ (5-endo dig).

Ph Ph
Ph,Se,
MeCN, LiCIO,, rt
electricity
undivided cell \
9 9
Pr Pr P pr
11 (73%)

Scheme 7. Attempted electrocyclization of phenyl derivative 5b under aerobic conditions.

3. Materials and Methods
3.1. General Experimental Procedures

All commercially obtained chemicals were purchased from commercial sources and
used as received without further purification. Solvents were dried and distilled using
conventional methods. NMR spectra were performed on Agilent 400-MR DDR?2, JEOL-
ECZL400G (*H: 400 MHz, '3C: 100 MHz) and Bruker Avance DRX 500 ('H: 500 MHz, 13C:
125 MHZz) spectrometers at 298 K. Deuterated solvents used are indicated in each case.
Chemical shifts (4) are reported in parts per million (ppm) and were referenced to residual
peak of the solvent or TMS as an internal standard; coupling constants (J) are expressed
in Hz. NMR data were processed and displayed using MestReNova (Version: 14.3.3) and
TopSpin (Version 3.6.5) softwares. The IR spectra were measured on an FT-IR spectrometer
Nicolet iS50 (Thermo-Nicolet, Waltham, MA, USA) with a heatable Golden Gate Diamante
ATR-Unit GladiATR (Specac, Orpington, UK). 64 scans for one spectrum were co-added at a
spectral resolution of 4 cm™. Electrospray ionization mass spectra (ESI-MS) were recorded
using a LTQ Orbitrap Velos—hybrid ion-trap-orbitrap (Thermo Scientific, Waltham, MA,
USA). The purity of the substances and courses of the reactions were monitored by thin
layer chromatography (TLC) using silica gel 60 F;54 on aluminum-backed sheets (Merck,
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Lowe, NJ, USA) and analyzed at 254 nm. The column chromatography was conducted on
silica gel 60 with particle size 0.063-0.200 mm (Merck). For melting point studies, Heiztisch
Mikroskop—Polytherm A (Wagner & Munz, Munich, Germany) was used.

3.2. Synthetic Procedures
3.2.1. Preparation of Alkynylcalixarenes 5a—f
General Procedure for the Synthesis of Alkynylcalixarenes 5a—f (Method A)

Starting calix[4]arene 3 (1 equiv), Cul (0.1 equiv) and Pd(PPhj3),Cl, (0.05 equiv) were
dissolved in 3—4 mL of dry piperidine under an Ar atmosphere. Then, appropriate alkyne
4a—f (1.1 equiv) was added, and the reaction mixture was stirred and heated at 100 °C for
3 days. The mixture was cooled to RT, and the solvent was evaporated under reduced
pressure. The crude product was extracted (3 x 30 mL) with dichloromethane (DCM),
the organic phase was washed with water, dried over MgSQy, filtered and evaporated to
dryness. The residue was purified by column chromatography on silica gel (eluent: DCM:
cyclohexane) to afford the title compounds.

General Procedure for the Synthesis of Alkynylcalixarenes 5a—f (Method B)

A mixture of starting calix[4]arene 3 (1 equiv), alkyne 4a—f (4 equiv), piperidine
(4 equiv), Cul (0.2 equiv), Pd(PPh3)4 (0.1 equiv) and dry THF was stirred under argon
atmosphere at 70 °C for 4 h in the microwave reactor. The mixture was then evaporated to
dryness, the residue was extracted with DCM (3 x 30 mL), washed with water and dried
over MgSOy. The purification of the crude product was done in the same way as described
in Method A.

Alkynylcalixarene 5a

Method A: Calixarene 3 (0.209 mmol, 150 mg), 3,5-dimethoxyphenylacetylene
(0.230 mmol, 37 mg), Cul (0.0209 mmol, 4 mg) and Pd(PPh3),Cl, (0.0104 mmol, 7 mg)
were used under standard conditions; the product was purified by column chromatog-
raphy on silica gel (DCM/cyclohexane 1:1) to afford 5a in 89% yield (140 mg) as a
white solid.

Method B: Calixarene 3 (0.139 mmol, 104 mg), 3,5-dimethoxyphenylacetylene
(0.556 mmol, 90 mg), Cul (0.028 mmol, 5 mg), piperidine (0.417 mmol, 35 uL) and Pd(PPh3),
(0.0139 mmol, 16 mg) were used under standard conditions. The product 5a (77 mg, 74%)
was obtained by column chromatography on silica gel (DCM/cyclohexane 60:40) as a
white solid.

Data for compound 5a: M.p. = 105-107 °C. 'H NMR (CDCl3, 500 MHz, 298 K) 6 7.19
(d,]=7.7Hz, 1H, Ar-H), 7.08 (d, ] =7.7 Hz, 2H, Ar-H), 7.06 (d, ] = 7.7 Hz, 1H, Ar-H), 6.89
(t,J=7.5Hz, 1H, Ar-H), 6.67 (d, ] = 2.3 Hz, 2H, Ar-H), 6.43 (t, ] = 2.3 Hz, 1H, Ar-H), 6.33
(dd,J=7.5Hz,]=11Hz, 1H, Ar-H), 6.26 (t, ] = 7.5 Hz, 1H, Ar-H), 6.24 (t, ] = 7.5 Hz, 1H,
Ar-H), 6.15(d, ] =7.5Hz, 2H, Ar-H), 6.13 (d,] =7.5 Hz, 1H, Ar-H), 447 (d, ] = 13.2 Hz, 1H,
Ar-CHj,-Ar), 4.46 (d, | = 2.8 Hz, 1H, Ar-CH,-Ar), 4.44 (d, ] = 2.8 Hz, 1H, Ar-CH,-Ar), 4.36
(d, ] =13.2 Hz, 1H, Ar-CHj-Ar), 4.01 (m, 4H, -O-CH,-), 3.95 (d, ] = 13.2 Hz, 1H, Ar-CH;-Ar),
3.79 (s, 6H, -O-CH3), 3.73 (m, 2H, -O-CH3-), 3.69 (m, 2H, -O-CH;-), 3.16 (d, | = 13.2 Hz, 1H,
Ar-CHj,-Ar), 3.15 (d, ] =13.2 Hz, 2H, Ar-CHj-Ar), 1.98 (m, overlap, 4H, -CH;,-CHj3), 1.88 (m,
4H, -CH,-CH3), 1.10 (t, ] = 7.3 Hz, 6H, -O-(CH,),-CH3), 0.91 (t, ] = 7.4 Hz, 3H, -CH3), 0.90
(t,] = 7.4 Hz, 3H, -CH3). 3C NMR (CDCl3, 126 MHz, 298 K) & 160.47, 157.98, 157.88, 155.17,
155.16, 139.31, 137.99, 137.01, 136.89, 133.47, 133.22, 132.92, 132.67, 128.84, 128.78, 128.51,
127.57,127.41,127.33, 127.24, 126.21, 125.01, 122.10 (2C), 121.82, 121.78, 109.33, 101.42, 91.1,
88.83,76.94, 76.90, 76.58, 76.44, 55.43 (2C), 31.04, 30.97, 30.96, 28.11, 23.50 (2C), 22.99, 22.97,
10.79, 10.78, 9.86, 9.84 ppm. HRMS (ESI*) calcd for C50Hz6O4 775.3969 [M + Na]*, found
m/z 775.3971 [M + Na]*. IR (KBr) v 2959, 2932, 2873, 1587, 1453, 1418, 1205, 1193, 1154,
1060, 965, 756 cm 1.
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Alkynylcalixarene 5b

Method A: Calixarene 3 (0.315 mmol, 226 mg), phenylacetylene (0.3465 mmol,
40 pL), Cul (0.0315 mmol, 6 mg) and Pd(PPh3),Cl, (0.0157 mmol, 11 mg) were used
under standard conditions; the product was purified by column chromatography on silica
gel (DCM/cyclohexane 1:1) to afford 5b in 96% yield (209 mg) as a yellow oil.

Method B: Calixarene 3 (0.139 mmol, 103 mg), phenylacetylene (0.556 mmol, 60 pL),
Cul (0.028 mmol, 5 mg), piperidine (0.417 mmol, 40 uL) and Pd(PPh3)s (0.0139 mmol,
16 mg) were used under standard conditions. The product 5b (59 mg, 62%) was obtained
by column chromatography on silica gel (DCM/cyclohexane 70:30) as a yellow oil.

Data for compound 5b: 'H NMR (CDCl3, 500 MHz, 298 K) 6 7.51 (dd, | = 7.7 Hz,
J = 1.6 Hz, 2H, Ar-H), 7.27-7.35 (m, 3H, Ar-H) 7.19 (d, ] = 7.7 Hz, 1H, Ar-H), 7.08 (d,
J=74Hz, 2H, Ar-H),7.06 (d,] =7.7 Hz, 1H, Ar-H), 6.90 (t, | =7.7 Hz, 1H, Ar-H), 6.34 (d,
J=7.7Hz, 1H, Ar-H), 6.26 (d,] =7.7 Hz, 1H, Ar-H), 6.22 (d, | = 7.7 Hz, 1H, Ar-H), 6.14 (d,
J =82 Hz, 2H, Ar-H), 6.12 (d, | = 7.7 Hz, 1H, Ar-H), 446 (d, ] = 13.4 Hz, 1H, Ar-CH,-
Ar), 445 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 444 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 4.35 (d,
] =13.4 Hz, 1H, Ar-CH;-Ar), 3.95-4.07 (m, 1H (Ar-CH;-Ar) + 4H (-OCH3-)), 3.63-3.76 (m,
4H, -OCH;-), 3.16 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 3.15 (d, | = 13.4 Hz, 2H, Ar-CH,-Ar),
1.93-2.03 (m, 4H, -CH,-CH3), 1.82-1.92 (m, 4H, -CH,-CH3), 1.10 (t, ] = 7.3 Hz, 6H, -CH3),
0.91 (t, ] = 7.3 Hz, 3H, -CH3), 0.89 (t, ] = 7.3 Hz, 6H, -CH3). '3C NMR (CDCl3, 125 MHz,
298 K) ¢ 160.47, 157.98, 157.88, 155.17, 155.16, 139.31, 137.99, 137.01, 136.89, 133.47, 133.22,
132.92, 132.67, 128.84, 128.78, 128.51, 127.57, 127 .41, 127.33, 127.24, 126.21, 125.01, 122.10
(2C), 121.82,121.78, 109.33, 101.42, 91.1, 88.83, 76.94, 76.90, 76.58, 76.44, 55.43 (2C), 31.04,
30.97, 30.96, 28.11, 23.50 (2C), 22.99, 22.97, 10.79, 10.78, 9.86, 9.84 ppm. HRMS (ESI*) calcd
for C4gH5,04 715.3757 [M + Nal*, found m/z 715.3764 [M + Na]*. IR (KBr) v 2960, 2931,
2873, 1493, 1454, 1382, 1208, 1192, 1087, 1044, 965, 754, 689 cm 1.

Alkynylcalixarene 5c¢

Method A: Calixarene 3 (0.209 mmol, 150 mg), 4-ethynylanisole (0.230 mmol,
30 pL), Cul (0.0209 mmol, 4 mg) and Pd(PPh3),Cl, (0.011 mmol, 7 mg) were used un-
der standard conditions; the product was purified by column chromatography on silica gel
(DCM/ cyclohexane 1:1) to afford 5¢ in 64% yield (97 mg) as a white solid.

Method B: Calixarene 3 (0.139 mmol, 106 mg), 4-ethynylanisole (0.556 mmol, 70 uL),
Cul (0.028 mmol, 5 mg), piperidine (0.417 mmol, 40 uL) and Pd(PPh3)4 (0.0139 mmol, 16
mg) were used under standard conditions. The product 5¢ (58 mg, 58%) was obtained by
column chromatography on silica gel (DCM/ cyclohexane 50:50) as a white solid.

Data for compound 5¢: M.p. = 146-149 °C. 'H NMR (CDCl3, 400 MHz, 298 K) & 7.49
(d,2H,]=84Hz, Ar-H) 722 (d, ] =7.7 Hz, 1H, Ar-H) 7.13 (d, | =7.4 Hz, 2H, Ar-H) 7.10
(d,J=78Hz 1H, Ar-H) 6.94 (t, ] =7.6 Hz, 1H, Ar-H) 6.88 (d, ] = 8.4 Hz, 2H, Ar-H) 6.39
(d,J]=7.8Hz, 1H, Ar-H), 6.29 (t, ] =7.6 Hz, 1H, Ar-H), 6.27 (t, ] = 7.6 Hz, 1H, Ar-H), 6.18
(brd, ] =7.4 Hz, 2H, Ar-H), 6.17 (br d, ] = 7.4 Hz, 1H, Ar-H), 450 (d, ] = 13.4 Hz, 1H,
Ar-CH,-Ar), 449 (d, ] = 13.4 Hz, 1H, Ar-CH;-Ar), 4.48 (d, ] = 13.4 Hz, 1H, Ar-CH;-Ar),
4.38 (d, ] =13.4 Hz, 1H, Ar-CH;-Ar), 4.12-4.02 (m, 4H, -OCH,-), 4.02 (d, | = 13.4 Hz, 1H,
Ar-CHj-Ar), 3.83 (s, 3H, -OCH3), 3.79-3.64 (m, 4H, -OCH,-), 3.19 (d, | = 13.4 Hz, 3H,
Ar-CHj-Ar), 2.09-1.96 (m, 4H, -CH,-CHj3), 1.96-1.84 (m, 4H, -CH,-CH3), 1.13 (t, ] =74
Hz, 6H, -CH3), 0.93 (t, ] = 7.4 Hz, 3H, -CH3), 0.92 (t, ] = 7.4 Hz, 3H, -CH3). 13C NMR
(CDCl3, 125 MHz, 298 K) 4 160.35, 158.97, 158.99, 156.10 (2C), 140.02, 138.43, 137.93, 137.80,
135.25, 134.01, 133.89, 133.78 (2C), 133.58, 129.69, 129.62, 129.29, 128.35, 128.19, 128.11,
128.08, 126.76, 123.12, 122.92, 122.89, 122.58, 116.60, 114.64 (2C), 91.78, 88.45, 77.49, 77 .46,
77.12,76.99, 55.70, 31.34, 31.27 (2C), 28.30, 23.79 (2C), 23.27, 23.23,11.03, 11.01, 10.06, 10.04
ppm. HRMS (ESI*) calcd for C49Hs405 745.3863 [M + Nal*, found m/z 775.3871 [M + Na]*.
IR (KBr) v 2960, 2932, 2920, 2874, 1511, 1454, 1249, 1208, 1192, 1105, 964, 830, 794, 775,
756 cm L.
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Alkynylcalixarene 5d

Method A: Calixarene 3 (0.209 mmol, 150 mg), 1-ethynyl-4-nitrobenzene (0.230 mmol,
34 mg), Cul (0.0209 mmol, 4 mg) and Pd(PPh3),Cl, (0.011 mmol, 7 mg) were used under
standard conditions; the product was purified by column chromatography on silica gel
(DCM/ cyclohexane 1:1) to afford 5d in 27% yield (42 mg) as a yellow oil.

Method B: Calixarene 3 (0.097 mmol, 70 mg), 1-ethynyl-4-nitrobenzene (0.388 mmol,
62 mg), Cul (0.019 mmol, 4 mg), piperidine (0.291 mmol, 30 pL) and Pd(PPhs),
(0.0097 mmol, 11 mg) were used under standard conditions. The product 5d (28 mg,
39%) was obtained by column chromatography on silica gel (DCM/cyclohexane 50:50) as a
yellow oil.

Data for compound 5d: I'H NMR (CDCl3, 500 MHz, 298 K) § 8.19 (d, | = 8.9 Hz, 2H,
Ar-H),7.63 (d, ] =89 Hz, 2H, Ar-H),7.21 (d, ] =7.7 Hz, 1H, Ar-H), 7.08 (d, ] =7.7 Hz, 1H,
Ar-H), 7.07 (d, ] =7.5 Hz, 1H, Ar-H), 6.89 (t, ] = 7.5 Hz, 1H, Ar-H), 6.31 (dd, ] = 7.7 Hz,
J=1.1Hz, 1H, Ar-H), 6.26 (td, | =7.5Hz, ] = 3.2 Hz, 2H, Ar-H), 6.19 (t, ] = 6.2 Hz, 2H, Ar-H),
6.15(d, ] =7.5 Hz, 1H, Ar-H), 4.49 (d, ] = 13.3 Hz, 2H, Ar-CHj,-Ar) 4.46 (dd, ] = 13.3 Hz,
] =3.3 Hz 2H, Ar-CH,-Ar), 4.41 (d, ] =13.3 Hz, 1H, Ar-CH,-Ar), 4.08-3.96 (m, 4H, -O-CH,-),
3.90 (d, 1H, J = 13.3 Hz, Ar-CH,-Ar), 3.78-3.65 (m, 4H, -O-CH;-), 3.19 (d, ] = 13.2 Hz,
1H, Ar-CH,-Ar), 3.16 (d, ] = 13.2 Hz, 1H, Ar-CH»,-Ar), 3.73 (m, 2H, -O-CH>-), 1.99 (sextet,
] =7.7 Hz, 4H, -CH,-CH3), 1.89 (sextet, | = 7.7 Hz, 4H, -CH,-CH3), 1.11 (t, ] = 7.5 Hz,
3H, -CH3), 1.10 (t, ] = 7.5 Hz, 3H, -CH3), 0.92 (t, ] = 7.5 Hz, 3H, -CH3), 0.91 (t, ] = 7.5 Hz,
3H, -CH;).13C NMR (CDCl;, 125 MHz, 298 K) & 158.02, 157.78, 155.24 (2C), 146.70, 139.56,
139.05, 136.87, 136.78, 133.62, 133.54, 132.59, 132.47, 132.10 (2C), 130.73, 128.80 (2C), 128.72,
127.71,127.67,127.21, 127.16, 126.46, 123.60 (2C), 122.11, 122.10, 121.85, 120.80, 95.05, 89.52,
76.97,76.92,76.68, 76.46, 31.10, 30.97 (2C), 28.20, 23.48, 23.47, 23.02, 22.98, 10.77, 10.76, 9.86,
9.85 ppm. HRMS (ESI*) calcd for C4gHs51NOy 760.3609 [M + Na]*, found m/z 760.3607
[M + Na]J*. IR (KBr) v 2960, 2929, 2874, 1589, 1454, 1382, 1340, 1208, 1192, 1087, 1004, 966,
756 cm~ 1.

Alkynylcalixarene 5e

Method A: Calixarene 3 (0.280 mmol, 205 mg), 3-ethynylpyridine (0.421 mmol,
40 pL), Cul (0.028 mmol, 5 mg) and Pd(PPh3),Cl, (0.014 mmol, 10 mg) were used un-
der standard conditions; the product was purified by column chromatography on silica gel
(DCM/cyclohexane 2:1) to afford 5e in 33% yield (64 mg) as a yellow oil.

Method B: Calixarene 3 (0.280 mmol, 204 mg), 3-ethynylpyridine (0.88 mmol, 90 uL),
Cul (0.056 mmol, 11 mg), piperidine (0.841 mmol, 80 uL) and Pd(PPh3)4 (0.028 mmol,
32 mg) were used under standard conditions. The product 5e (91 mg, 47%) was obtained
by column chromatography on silica gel (DCM/cyclohexane 2:1) as a yellow oil.

Data for compound 5e: 'H NMR (CDCl3, 500 MHz, 298 K) ¢ 8.61 (br s, 1H, Ar-H)
764 (td, ] =7.7Hz,J=15Hz, 1H, Ar-H) 749 (d,] =7.8 Hz, 1H, Ar-H) 7.27 (d, ] = 7.8 Hz,
1H, Ar-H) 7.20 (dd, ] = 7.8 Hz, ] = 48 Hz, 1H, Ar-H) 7.08 (d, ] = 7.4 Hz, 3H, Ar-H) 6.89
(t,]=74Hz, 1H, Ar-H), 6.33 (d, ] = 7.3 Hz, 1H, Ar-H), 6.21-6.28 (m, 2H, Ar-H), 6.10-6.19
(m, 3H, Ar-H), 4.48 (d, ] = 13.0 Hz, 1H, Ar-CHj;-Ar), 4.46 (d, ] = 13.0 Hz, 1H, Ar-CH,-Ar),
445 (d, ] = 13.0 Hz, 1H, Ar-CH,-Ar), 4.38 (d, ] = 13.0 Hz, 1H, Ar-CH,-Ar), 3.94-4.10 (m,
1H (Ar-CH,-Ar) + 4H (-OCH3-)), 3.62-3.79 (m, 4H, -OCH;-), 3.18 (d, 1H, | = 13.0 Hz,
1H, Ar-CH;-Ar), 3.15 (d, 1H, ] = 13.0 Hz, 2H, Ar-CH,-Ar), 1.93-2.03 (m, 4H, -CH,-CH3),
1.84-1.92 (m, 4H, -CH,-CH3), 1.10 (t, ] = 7.3 Hz, 6H, -CHj3), 0.91 (t, ] = 7.3 Hz, 6H, -CH3),
0.90 (t, ] = 7.3 Hz, 6H, -CH3).1*C NMR (CDCl3, 125 MHz, 298 K) 6 157.98, 157.89, 155.19,
150.02, 143.88, 139.80, 138.70, 137.02, 136.90, 136.04, 133.50, 133.24, 132.79, 132.57, 128.86,
128.80, 128.61, 127.62, 127.45, 127.38, 127.26, 126.70, 122.46, 122.14, 122.12, 121.80, 121.04,
90.56, 89.46, 76.97, 76.90, 76.64, 76.47, 31.10, 31.00, 30.98, 23.51 (2C), 23.01, 23.99, 10.81, 10.79,
9.87,9.86 ppm. HRMS (ESI*) calcd for C47H5NO4 716.3710 [M + Na]*, found m/z 716.3710
[M + Na]*. IR (KBr) v 2960, 2931, 2873, 1580, 1455, 1383, 1209, 1192, 1087, 1066, 1005, 956,
756 cm ™!,
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Alkynylcalixarene 5f

Method A: Calixarene 3 (0.349 mmol, 250 mg), trimethylsilylacetylene (0.418 mmol,
60 uL), Cul (0.035 mmol, 7 mg) and Pd(PPh3),Cl; (0.017 mmol, 12 mg) were used under
standard conditions; the product was purified by column chromatography on silica gel
(DCM/ cyclohexane 1:1) to afford 5f in 83% yield (199 mg) as a yellow oil.

Method B: Calixarene 3 (0.138 mmol, 104 mg), trimethylsilylacetylene (0.552 mmol,
78 pL), Cul (0.028 mmol, 5 mg), piperidine (0.417 mmol, 40 uL) and Pd(PPh3)4 (0.014 mmol,
16 mg) were used under standard conditions. The product 5f (71 mg, 75%) was obtained by
column chromatography on silica gel (DCM/cyclohexane 1:1) as a yellow oil.

Data for compound 5f: 'H NMR (CDCl3, 500 MHz, 298 K) 6 7.14 (d, 1H, | = 7.8 Hz,
Ar-H) 7.10 (m, 2H, Ar-H) 7.03 (d, ] = 7.8 Hz, 2H, Ar-H) 6.91 (t, ] = 7.4 Hz, 1H, Ar-H) 6.27 (dd,
J=77Hz,]=17Hz, 1H, Ar-H) 6.25 (t,] =74 Hz, 1H, Ar-H) 6.20 (t, ] =7.4 Hz, 1H, Ar-H),
6.15-6.10 (m, 2H, Ar-H), 6.07 (dd, | =7.4 Hz, ] = 1.7 Hz, 1H, Ar-H), 443 (d, ] = 13.5 Hz, 1H,
Ar-CH,-Ar), 444 (d, ] = 13.5 Hz, 2H, Ar-CH;-Ar), 4.28 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar),
4.04-3.95 (m, 4H, -OCH3), 4.48 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 4.38 (d, ] =13.4 Hz, 1H,
Ar-CH,-Ar), 4.12-4.02 (m, 4H, -OCH,-), 3.90 (d, ] = 13.4 Hz, 1H, Ar-CHj,-Ar), 3.76-3.60 (m,
4H, -OCH;-), 3.14 (d, ] = 13.4 Hz, 2H, Ar-CH,-Ar), 3.13 (d, | = 13.4 Hz, 1H, Ar-CH,-Ar),
2.02-1.90 (m, 4H, -CH,-CH3), 1.91-1.80 (m, 4H, -CH,-CH3), 1.09 (t, ] = 7.4 Hz, 3H, -CH3),
1.08 (t, ] = 7.4 Hz, 3H, -CHj3), 0.87 (t, ] = 7.4 Hz, 6H, -CH3), 0.21 (s, 9H, -CH3) *C NMR
(CDCl3, 100 MHz, 298 K) 6 158.40, 158.36, 155.55, 155.50, 140.07, 138.56, 137.43, 137.35,
133.70, 133.47, 133.28, 132.93, 129.22, 129.12, 128.71, 127.84, 127.65, 127.54, 127.50, 126.79,
122.41, 122.36, 122.20, 122.06, 105.20, 96.13, 76.98 (2C), 76.57, 76.49, 30.82, 30.77, 30.74,
27.64,23.28 (2C), 22.71 (2C), 10.52 (2C), 9.51 (2C), 0.28 (3C).ppm. HRMS (ESI*) calcd for
Cy45H56Si04 711.3840 [M + Nal*, found m/z 711.3847 [M + Na]*. IR (KBr) v 2960, 2932,
2874, 1455, 1383, 1247, 1207, 1192, 1088, 1006, 966, 841, 756 cm 1.

3.2.2. Preparation of Bridged Calixarene 7b

Diphenyl diselenide (0.609 mmol, 190 mg) and FeCl; (0.752 mmol, 122 mg) were
dissolved in 4 mL of dry dichloromethane in a Schlenk flask under an argon atmosphere.
The resulting solution was stirred for 15 min at room temperature. After this time, the
solution changed color to brown-red. Calixarene 5b (0.301 mmol, 209 mg) dissolved in
2 mL of dry dichloromethane was added to the above solution, and the resulting mixture
was heated at 30 °C for 4 h. Dichloromethane (20 mL) was then added to the reaction mix-
ture, the organic layer was washed with a saturated solution of NH,Cl, dried with MgSO,
and concentrated under vacuum. The residue was purified by column chromatography on
silica gel (DCM/ cyclohexane 1:1) to provide the respective product 7b in 20% yield (51 mg)
as a yellow solid.

Data for compound 7b: M.p. = 117-120 °C. 'H NMR (CDCl3, 400 MHz, 298 K) & 7.24
(dd, ] =8.0Hz, | =1.8 Hz, 2H, Ar-H), 7.19 (dd, | = 8.0 Hz, | = 1.8 Hz, 2H, Ar-H), 7.03-6.95
(m, 7H, Ar-H) 6.93 (d, ] = 7.3 Hz, 1H, Ar-H), 6.89 (d, | = 8.0 Hz, 1H, Ar-H), 6.87 (dd,
J =8.0Hz, | =15 Hz, 1H, Ar-H), 6.82 (dd, ] = 7.8 Hz, | = 1.5 Hz, 1H, Ar-H), 6.75 (d,
J=9.0Hz, 1H, Ar-H), 6.73 (t,] = 7.6 Hz, 1H, Ar-H), 6.61 (t, ] =7.4 Hz, 1H, Ar-H), 6.43 (d,
] = 7.8 Hz, 1H, Ar-H), 5.98 (d, | = 7.8 Hz, 1H, Ar-H), 4.70 (d, ] = 13.4 Hz, 1H, Ar-CH,-
Ar), 450 (d, | = 12.5 Hz, 1H, Ar-CH,-Ar), 441 (d, | = 12.0 Hz, 1H, Ar-CH,-Ar), 4.33 (d,
J =12.5 Hz, 1H, Ar-CH,-Ar), 4.04-3.79 (m, 6H, -OCH;-), 3.64-3.54 (m, 2H, -OCH,-), 3.28 (d,
] =13.2 Hz, 1H, Ar-CH,-Ar), 3.27 (d, ] = 12.5 Hz, 1H, Ar-CH,-Ar), 3.11 (d, ] = 12.5 Hz, 1H,
Ar-CH,-Ar), 3.07 (d, ] = 12.5 Hz, 1H, Ar-CH,-Ar), 2.21 (sextet, | = 7.7 Hz, 2H, -CH,-CH3),
2.13-2.01 (m, 2H, -CH,-CH3), 2.01-1.83 (m, 4H, -CH;,-CH3), 1.20 (t, ] = 7.4 Hz, 3H, -CH3),
1.19 (t, ] = 7.4 Hz, 3H, -CH3), 1.00 (t, ] = 7.4 Hz, 3H, -CH3), 0.99 (t, ] = 7.4 Hz, 3H, -CH3).
13C NMR (CDCl3, 100 MHz, 298 K) 6 156.32, 155.80, 154.80, 154.77, 140.82, 140.37, 140.36,
140.08, 136.54, 136.23, 135.04, 134.42, 134.18, 132.98, 132.71, 132.70, 132.21, 131.16, 130.97
(2C), 130.39, 129.27, 128.86, 128.41 (2C), 128.09, 127.40, 127.37 (2C), 126.89, 126.58, 126.48,
126.44, 123.27, 123.05, 123.01, 122.94, 77.48, 77.45, 76.99, 76.70, 31.79, 31.56, 29.19, 24.82,
23.77,23.73,23.12,22.99, 11.10 (2C), 10.29, 10.15 ppm. HRMS (ESI*) calcd for Cs4Hs6SeO4
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871.3236 [M + Na]*, found m/z 871.3246 [M + Na]*. IR (KBr) v 2959, 2924, 2872, 1455, 1250,
1208, 1066, 1007, 960, 734, 690 cm 1.

3.2.3. Preparation of Bridged Calixarene 8b

Diphenyl diselenide (0.28 mmol, 90 mg) and FeCl; (0.351 mmol, 57 mg) were dissolved
in 3 mL of dry DCE in a Schlenk flask under an argon atmosphere, and the resulting solution
was stirred for 15 min at room temperature. After this time, the color of the solution turned
to brown-red. Calixarene 5b (0.144 mmol, 100 mg) dissolved in 1 mL of dry DCE was added,
and the reaction mixture was heated to 85 °C for 4 h. The eluent was then evaporated
under reduced pressure, dichloromethane (20 mL) was added to the crude product, washed
with a saturated solution of NH4Cl, dried with MgSO, and then concentrated under
vacuum. The residue was purified by preparative thin layer chromatography on silica gel
(DCM/ cyclohexane 1:1) to provide the methylene bridged product 8b in 10% yield (12 mg)
as a white solid.

Data for compound 8b: M.p. = 101-104 °C. 'H NMR (CDCl3, 400 MHz, 298 K) & 8.38
(s, 1H, -OH), 8.25 (s, 1H, -OH), 7.45 (d, ] = 7.9 Hz, 2H, Ar-H), 7.39 (d, ] = 1.4 Hz, 1H, Ar-H),
7.34 (t,] =7.0 Hz, 3H, Ar-H), 7.30-7.11 (m, 10H, Ar-H) 7.07 (d, ] = 7.3 Hz, 1H, Ar-H), 6.87 (d,
J=73Hz, 1H, Ar-H), 6.83 (d,] =7.3 Hz, 2H, Ar-H), 6.74 (d, ] = 7.5 Hz, 1H, Ar-H), 6.73 (t,
J=74Hz, 1H, Ar-H), 6.59 (t, ] = 7.7 Hz, 1H, Ar-H), 6.50 (d, ] = 7.2 Hz, 1H, Ar-H), 5.49 (s, 1H,
Ar-CH(R)-Ar), 451 (d, ] = 12.4 Hz, 1H, Ar-CHj»-Ar), 4.43 (d, | = 12.5 Hz, 1H, Ar-CH;-Ar),
4.18-4.04 (m, 2H, -OCH>-), 4.03-3.90 (m, 2H, -OCHj;-), 3.43 (d, | = 13.0 Hz, 1H, Ar-CH,-Ar),
3.35(d, ] =13.0 Hz, 1H, Ar-CHj,-Ar), 3.26 (d, ] = 12.4 Hz, 1H, Ar-CH,-Ar), 2.19-1.96 (m,
4H, -CH,-CH3), 1.37 (t, ] = 7.3 Hz, 3H, -CHj3), 1.30 (t, | = 7.4 Hz, 3H, -CHj3). 3C NMR
(CDCl3, 125 MHz, 298 K) 6 154.14, 153.59, 153.13, 152.32, 151.24, 144.49, 135.99, 134.72,
134.00, 133.82, 132.04, 131.70, 130.81, 130.35, 130.24 (2C), 130.24, 130.06, 130.02, 129.72 (2C),
129.46 (2C), 129.32 (2C), 129.21, 129.17, 128.68, 128.56, 128.23 (2C), 128.01, 127.57, 126.25,
125.94, 125.76, 125.50, 125.22, 116.72, 113.61, 78.29, 78.21, 50.51, 32.11, 31.45, 30.09, 23.88,
23.69, 11.18, 11.06 ppm. HRMS (ESI*) calcd for Cs54Hy5Se,04 943.1775 [M + Na]*, found
m/z 943.1785 [M + Na]*.

3.2.4. Preparation of Bridged Calixarenes 9¢ and 10c

Diphenyl diselenide (0.170 mmol, 53 mg) and FeCl; (0.213 mmol, 34 mg) were dis-
solved in 3 mL of dry dichloromethane in a Schlenk flask under an argon atmosphere.
The resulting solution was stirred for 15 min at room temperature. After this time, the
solution changed color to brown-red. Calixarene 5¢ (0.065 mmol, 85 mg) dissolved in 1 mL
of dry dichloromethane was added, and the reaction mixture was heated at 30 °C for 4 h.
Dichloromethane (20 mL) was added to the mixture, the organic layer was washed with
a saturated solution of NH,Cl, dried over MgSQOy, and concentrated under vacuum. The
residue was purified by column chromatography on a silica gel (DCM/ cyclohexane 1:1) to
provide the respective products 9¢ in 37% yield (27 mg) and 10c in 15% yield (11 mg) as
yellow oils.

Data for compound 9c: 'H NMR (CDCl3, 400 MHz, 298 K) 6 7.41 (dd, ] = 7.4 Hz,
J =15 Hz, 2H, Ar-H), 7.31 (d, | = 8.4 Hz, 2H, Ar-H), 7.23-7.15 (m, 4H, Ar-H) 7.13 (dd,
J=75Hz,]=14Hz 1H, Ar-H),7.07 (d, ] =7.5 Hz, 1H, Ar-H), 6.95 (t, ] = 7.3 Hz, 1H, Ar-H),
6.87 (d, ] =7.4 Hz, 1H, Ar-H), 6.77 (d, ] = 8.9 Hz, 2H, Ar-H), 6.20 (t, ] = 7.4 Hz, 1H, Ar-H),
6.14-6.07 (m, 3H, Ar-H), 6.02 (dd, ] =7.5 Hz, ] = 1.3 Hz, 1H, Ar-H), 5.80 (dd, ] = 7.5 Hz,
J =1.5Hz, 1H, Ar-H), 5.70 (s, 1H, Ar-CH(R)-Ar), 4.49 (d, ] = 13.3 Hz, 1H, Ar-CH,-Ar), 4.44
(d, J =13.3 Hz, 2H, Ar-CH,-Ar), 4.34 (td, | = 11.0 Hz, ] = 5.3 Hz, 1H, -OCH,-), 4.23-4.10 (m,
2H, -OCHj;-), 4.04-3.94 (m, 1H, -OCH>-), 3.74 (s, 3H, -OCH3), 3.71-3.64 (m, 3H, -OCH,-),
3.54-3.46 (m, 1H, -OCH;-), 3.19 (d, ] = 13.3 Hz, 1H, Ar-CH;-Ar), 3.15 (d, ] = 13.3 Hz, 1H,
Ar-CHj;-Ar), 3.13 (d, ] = 13.3 Hz, 1H, Ar-CH;-Ar), 2.04-1.81 (m, 8H, -CH,-CH3), 1.14 (t,
J=7.5Hz, 3H, -CHs), 1.10 (t, ] = 7.4 Hz, 3H, -CHj3), 0.91 (t, ] = 7.5 Hz, 3H, -CH3), 0.89 (t,
] = 7.4 Hz, 3H, -CHj3). We cannot acquire reliable 1>*C NMR spectra due to degradation of

182



Molecules 2024, 29, 1237

compound. HRMS (ESI*) calcd for Cs5HsgSeOs 901.3341 [M + Na]*, found m/z 901.3345
[M + Na]*.

Data for compound 10c: 'H NMR (CDCl3, 400 MHz, 298 K) ¢ 7.40 (dd, ] = 7.4 Hz,
] = 1.5 Hz, 2H, Ar-H), 7.37 (d, ] = 8.6 Hz, 2H, Ar-H), 7.22-7.14 (m, 3H, Ar-H), 7.10 (d,
J=7.6Hz, 3H, Ar-H), 6.93 (d, ] = 7.6 Hz, 1H, Ar-H), 6.81 (d, ] = 7.6 Hz, 1H, Ar-H), 6.77
(d, ] = 8.6 Hz, 2H, Ar-H), 6.46-6.34 (m, 3H, Ar-H), 6.27 (~dd, | = 7.6 Hz, | = 1.5 Hz, 1H,
Ar-H), 6.22 (t,] =7.6 Hz, 1H, Ar-H), 598 (dd, | = 7.6 Hz, | = 1.5 Hz, 1H, Ar-H), 5.74 (s, 1H,
Ar-CH(R)-Ar), 442 (d, ] = 13.3 Hz, 1H, Ar-CHj,-Ar), 4.40 (d, | = 13.3 Hz, 1H, Ar-CH;-Ar),
4.37 (d, ] =13.3 Hz, 1H, Ar-CHj,-Ar), 4.28-4.19 (m, 1H, -OCH,-), 4.00-3.92 (m, 1H, -OCH,-),
3.77-3.72 (m, 3H + 3H, -OCH;-, -OCH3), 3.65-3.59 (m, 1H, -OCH,-), 3.33 (d, | = 13.3 Hz,
1H, Ar-CH,-Ar), 3.23 (d, ] = 13.3 Hz, 1H, Ar-CH;-Ar), 3.22 (d, ] = 13.3 Hz, 1H, Ar-CH;-Ar),
2.26-2.20 (m, 1H, -CH,-CH3), 2.15-2.07 (m, 1H, -CH,-CH3), 1.97-1.84 (m, 4H, -CH,-CH3),
1.15 (t, ] = 7.3 Hz, 3H, -CH3), 1.10 (t, ] = 7.3 Hz, 3H, -CH3), 0.93 (t, ] = 7.4 Hz, 3H, -CH3). We
cannot acquire 1*C NMR spectra due to degradation of compound. HRMS (ESI*) calcd for
Cs,H5,Se05 859.2881 [M + Na]*, found m/z 859.2881 [M + Na]*.

3.2.5. Electrochemical Experiments
Batch Electrolysis Setup

The electrolysis was performed in a 20 mL undivided cell filled with 15 mL of MeCN
(HPLC gradient grade >99.9%, Merck), containing 0.02 M LiClO4-H,O (BDH Chemicals
Ltd., Poole, England) used as a supporting electrolyte. Additionally, the solution contained
compound 5b with 0.6 equiv. of PhySe;. As working electrodes, two different materials
were tested: Pt sheet (5 mm x 30 mm), or glassy carbon (GC, diameter 3 mm). In the case
of using GC as the working electrode, GC was conducted by Motorcontroller for Rotator,
and 100 RPM rotation speed was used. As the reference electrode, a saturated calomel
electrode (SCE) separated from the investigated sample by a salt-bridge filled by the blank
(MeCN electrolyte solution) was used, and as the counter (auxiliary) electrode, a Pt sheet
(5 mm x 30 mm) or GC (diameter 3 mm) were applied. The reaction mixture was stirred
and electrolyzed at room temperature during (a) constant current conditions (10 mA was
applied) (b) controlled-potential electrolysis (potential was set to +1.5 V). In the cases when
electrolysis was performed under inert atmosphere, oxygen was removed from the solution
by passing a stream of argon (99.998%, Messer, Bad Soden, Germany). Measurements were
carried out using the computer-driven digital potentiostat PGSTAT204 (Autolab-Metrohm,
Herisau, Switzerland) controlled by software NOVA 1.11.

Attempted Electrolytic Cyclization of 5b

Calixarene 5b (25 mg, 0.036 mmol) with 0.6 equiv. of diphenyl diselenide
(6.76 mg, 0.022 mmol) was dissolved in 15 mL of solution of a supporting electrolyte
(0.02 M LiClO4-H,0). The solution was poured into an undivided cell, and then the Pt plate
(used as working electrode), SCE (reference electrode), and Pt plate (auxiliary electrode)
were placed in solution (Figure 579). The reaction mixture was stirred by a magnetic bar
at room temperature during constant current (set to 10 mA) under aerobic condition. The
progress of the reaction was monitored by TLC until the full conversion of 5b was detected
(3.5h).

After completion, the crude reaction mixture was collected and evaporated to dryness.
The solid was partitioned between DCM and water; the organic layer was washed with
water and dried over MgSQO,. Crude evaporated product was purified using prepara-
tive TLC on silica gel (DCM/ cyclohexane 1:1) to provide product 11 (19 mg, 73%) as a
white solid.

Data for compound 11: M.p. = 137-141 °C. TH NMR (CDCl3, 400 MHz, 298 K) 6 7.92
(d,J=74Hz, 2H, Ar-H), 7.65 (t, ] = 7.8 Hz, 1H, Ar-H), 7.51 (t, ] = 7.1 Hz, 2H, Ar-H), 7.15
(d, ] =82Hz, 1H, Ar-H), 6.97 (d, ] =7.5 Hz, 1H, Ar-H), 6.91 (t, ] = 7.1 Hz, 2H, Ar-H), 6.70
(t,J=7.0 Hz, 1H, Ar-H), 6.39-6.27 (m, 5H, Ar-H), 6.23 (d, ] = 7.4 Hz, 1H, Ar-H), 4.55 (d,
] =13.4 Hz, 1H, Ar-CH,-Ar), 4.52 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 445 (d, ] = 13.4 Hz, 1H,
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Ar-CHy-Ar), 444 (d, ] = 13.4 Hz, 1H, Ar-CHy-Ar), 441 (d, ] = 13.4 Hz, 1H, Ar-CH,-Ar),
4.04-3.91 (m, 4H, -OCH,-), 3.82-3.65 (m, 4H, -OCH>-), 3.20 (d, | = 13.4 Hz, 1H, Ar-CH,-Ar),
3.17(d, ] = 13.4 Hz, 1H, Ar-CH,-Ar), 3.15 (d, ] = 13.4 Hz, 1H, Ar-CHy-Ar), 2.06-1.82 (m, 8H,
_CH,-CH3), 1.06 (t, ] = 7.5 Hz, 3H, -CHs), 1.05 (t, ] = 7.4 Hz, 3H, -CH3), 0.95 (t, ] = 7.5 Hz, 3H,
“CHa), 0.93 (t, ] = 7.4 Hz, 3H, -CH3). 13C NMR (CDCl3, 100 MHz, 298 K) 6 197.92, 195.89,
160.23, 158.43, 156.69, 156.58, 144.17, 140.08, 137.42, 137.02, 135.35, 135.17, 134.68, 134.09,
134.01, 132.94, 132.51, 130.79 (2C), 129.71 (2C), 129.56, 129.49, 129.42, 129.28, 129.07, 129.02,
128.92,128.83, 128.72,128.39, 128.22, 128.12, 122.97, 122.76, 122.59, 77 .51, 77.49, 77.09, 77.05,
31.47,31.37,31.29, 25.94, 23.64, 23.48, 23.33, 23.30, 10.81, 10.76, 10.18, 10.12 ppm. HRMS
(ESI*) caled for CygHspOg 747.3656 [M + Nal*, found m/z 747.3662 [M + Na]*. IR (KBr) v
2961, 2924, 2872, 1674, 1665, 1586, 1454, 1384, 1290, 1245, 1228, 1105, 964, 785, 756, 719 cm 1.

Cyclic Voltammetry

Cyclic voltammetry measurements (with scan rates 100, 200, and 500 mV-s~!) were
performed in MeCN (HPLC gradient grade >99.9%, Merck) using 0.02 M LiClO4-H,0O
(BDH Chemicals Ltd., Poole, England) as the supporting electrolyte (Figures S77 and S78).
Due to low conductivity, the three-electrode systems were applied for all measurements.
As the working electrode, a glassy carbon electrode (diameter 3 mm) or Pt disk electrode
(diameter 1 mm) was utilized. As the reference electrode, a saturated calomel electrode
(SCE) separated from the investigated sample by a bridge filled by the blank (MeCN-
electrolyte solution) was applied, and as the auxiliary electrode, a Pt sheet was used. All
those experiments were standardly carried out in an undivided 20 mL cell (using 10 mL
of the corresponding solution), and before measurements, the solutions were de-aerated
by argon (99.998%, Messer). Measurements were carried out using the computer-driven
digital potentiostat PGSTAT101 (Autolab-Metrohm) controlled by software NOVA 1.11.

3.3. X-ray Measurements
3.3.1. Crystallographic Data for 7b

M = 848 g-mol !, triclinic system, space group P-1,a = 11.6678 (4) A, b = 17.7287(5) A,
c=21.7145(6) A, a = 82.4177(12)°, B = 86.9096(13)°, v = 88.6006(13)°, Z = 4, V = 4445.3(2) A3,
D.=1.267 g~cm_3, #(Cu-Ko) =1.494 mm~—1, crystal dimensions of 0.077 x 0.077 x 0.158 mm.
Data were collected at 180 (2) K on a Bruker D8 Venture Photon II 7 diffractometer with
Incoatec microfocus sealed tube Cu-K« radiation. The data were integrated, scaled and
corrected for absorption using Apex4 [33]. The structure was solved by SIR92 [34] and
anisotropically refined by full matrix least squares on F squared using the CRYSTALS [35]
to final value R = 0.048 and wR = 0.124 using 1486 independent reflections (6,,4x = 72.2°),
1082 parameters and 42 restrains. The hydrogen atoms bonded to carbon atoms were placed
in calculated positions and refined with riding constraints, while hydrogen atoms bonded to
oxygen were refined using soft restraints. The disordered functional groups positions were
found in difference electron density maps and refined with restrained geometry. MCE [36]
was used for the visualization of electron density maps. The occupancy of disordered
functional groups was constrained to full. The structure was deposited into Cambridge
Structural Database under number CCDC 2332078. The full numbering scheme can be
found in Supporting information Figures 574 and S75.

3.3.2. Crystallographic Data for 8b

M = 1003.82 g-mol~!, monoclinic system, space group P2;/n, a = 13.3272(4) A,
b = 13.0362(4) A, ¢ = 27.1526(7) A, B = 94.7510(10)°, Z = 4, V = 4701.2(2) A3,
D, =1.418 g-cm 3, u(Cu-Ka) = 3.38 mm !, crystal dimensions of 0.048 x 0.126 x 0.426 mm.
Data were collected at 180 (2) K on a Bruker D8 Venture Photon II 7 diffractometer with
Incoatec microfocus sealed tube Cu-K« radiation. The data were integrated, scaled and
corrected for absorption using Apex4 [33]. The structure was solved by SIR92 [34] and
anisotropically refined by full matrix least squares on F squared using the CRYSTALS [35]
to final value R = 0.060 and wR = 0.178 using 9241 independent reflections (6ax = 72.1°),
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577 parameters and 0 restrains. The hydrogen atoms bonded to carbon atoms were placed
in calculated positions and refined with riding constraints, while hydrogen atoms bonded
to oxygen were first refined using soft restraints, then refined with riding constraints. The
disordered solvent positions were found in difference electron density maps. MCE [36] was
used for the visualization of electron density maps. The occupancy of disordered functional
groups was first constrained to full, later fixed at values of 2/3 and 1/3, respectively. The
structure was deposited into Cambridge Structural Database under number CCDC 2332079.
The full numbering scheme can be found in Supporting information Figure S76.

4. Conclusions

A Sonogashira coupling of meta-iodocalix[4]arene with various terminal acetylenes
confirmed that the meta position of calixarene is well addressable, and that both thermal
and microwave protocols lead to good yields of the corresponding alkynylcalixarenes.
Alkynes thus obtained were subjected to the FeCl3 /Ph;Se;-promoted electrophilic closure.
It turns out that the calix[4]arenes give completely different bridging products than those
described for the non-macrocyclic starting compounds. This can be demonstrated not
only by the isolation of products with a six-membered ring (6-exo-dig), but mainly by the
smooth formation of the 5-endo-dig cyclization, which has never been observed in the
aliphatic series. An attempt at electrocyclization led to a high yield of the 1,2-diketone,
formed by oxidation of the starting alkyne. The structures of the unexpected products were
unequivocally established by X-ray analysis, and clearly demonstrate how the preorganized
macrocyclic skeleton favors a completely different regioselectivity of cyclization reactions
compared to common aliphatic derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29061237/s1, Spectral characterization of all new compounds (*H
NMR, 13C NMR, HRMS, IR), VT NMR experiments, X-ray structures and electrochemical experiments.
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Abstract: Heterocyclic aryl selenides have recently attracted considerable research interest owing to
their applications in biological and pharmaceutical fields. Herein, we describe a simple and general
synthesis of 3-selanylindoles via a novel regioselective C—H selenation of indoles using a bismuth
reagent as a catalyst. The reactions of indoles with diselenides in the presence of 10 mol% Bil3 at
100 °C in DMF afforded the corresponding 3-selanylindoles in moderate-to-excellent yields. The
reaction proceeded efficiently under aerobic conditions by adding only a catalytic amount of Bil3,
which was non-hygroscopic and less toxic, and both selanyl groups of the diselenide were transferred
to the desired products.

Keywords: regioselective selenation; bismuth catalyst; bismuth(IIl) iodide; indole; diaryl diselenide

1. Introduction

Organoselenium compounds have received considerable attention in organic chem-
istry, as well as in biological and pharmaceutical sciences [1-14], and there is growing
interest in biologically active unsymmetrical diaryl selenides containing heterocyclic rings
(i.e., aryl heteroaryl selenides). For example, 3-selanylindoles, compounds with a selenium
side chain substituted at the 3-position of indoles, which are widely used as a basic skeleton
in natural products and medicines, have been reported to have biological activities, such
as the inhibition of tubulin polymerization, antiproliferative activity, anti-inflammatory
properties, and antioxidant activity, and are expected to be used as drug discovery resources
(Figure 1) [15-20]. Therefore, the development of synthetic methods for these compounds
has attracted attention. Direct selenation into indoles has been reported since the 2010s and
is a powerful and commonly used method involving the reaction of available indole deriva-
tives with stable and easy-to-handle diselenides as selenium sources. These reactions can
be broadly classified into those involving the addition of oxidants [21-23] or bases [24-26],
radical reactions using photoreactors [27-34] or electrolytic devices [35,36], and those using
transition metal catalysts containing Pd, Cu, Ag, and Fe [37-42]. However, these reactions
use excessive reagents, additives, and transition metal catalysts of toxicological concern
even in catalytic reactions, and require special equipment and expensive photocatalysts
or supporting electrolytes for the photoreactions and electrolytic reactions, respectively.
Recently, four transition metal-free catalytic reactions were reported (Scheme 1). Braga et al.
developed a catalytic reaction using DMSO as the oxidant in the presence of a catalytic
quantity of I,; however, the reaction required microwave irradiation [43]. The researchers
also used KIOj as a catalyst, but this reaction required an excess (4 equiv.) of glycerol [44].
Roehrs et al. reported an I-catalyzed reaction that required the addition of stoichiometric
amounts of urea hydrogen peroxide as an oxidant [45]. Jana et al. developed a reaction
using Csp,COj3 as a catalyst, albeit in an oxygen atmosphere [46]. As mentioned above,
catalytic reactions require additives; otherwise, the reaction conditions are restrictive.
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Figure 1. Biologically active 3-selanylindoles.
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This work: Bil; cat. under aerobic conditions

Scheme 1. Selenation of indoles with diaryl diselenides.

Inorganic bismuth compounds have attracted attention in the field of organic synthe-
sis since the 1980s because of their excellent reactivity as mild Lewis acids, nontoxicity,
and environmental friendliness [47-52]. For example, BiCls, a trivalent bismuth halide,
has been reported to act as a catalyst for the following reactions: the Mukaiyama aldol
reaction [53,54], the nucleophilic opening of epoxide [55], deoxygenative allylation [56],
the Diels—Alder reaction [57,58], the three-component reaction of aldehydes, amines, and
ketones or trimethylsilyl cyanide [59,60], the Friedel-Crafts reaction [61], the oxy-Michael
addition [62], the aminooxygenation of propargyl amidine [63], and the tandem cyclization
of tryptamine-ynamide [64]. More recently, BiCl3 has been utilized in the catalytic coupling
reactions of aryl iodides or aminobenzimidazoles with arylboronic acids for C(Ar)-C(Ar)
and C(Ar)-N bond formation [65,66]. By contrast, bismuth iodide (Bil3) is widely used
in semiconductors and solar cell devices [67,68]. However, its chemical reactivity in or-
ganic reactions is largely unknown, and its use in catalytic reactions has been limited to
the deprotection of acetals, guanylation with desulfurization using thioureas and amines,
and S,S-acetalization of benzaldehyde [69-71]. Inspired by these reports, we present a
facile Bi(IlI)-catalyzed regioselective C(Ar)-Se bond formation reaction of indoles with
diaryl diselenides using Bil; as the catalyst for the synthesis of 3-selanylindoles under mild
conditions. The system was simple, containing only substrates and a Bi catalyst.

2. Results and Discussion

We initially focused on determining the optimal experimental conditions, including
screening for suitable catalysts and solvents, for the synthesis of 3-selanylindole 3aa using
N-methylindole 1a and diphenyl diselenide 2a as model substrates, the results of which, are
summarized in Table 1. N-methylindole 1a (0.5 mmol) was reacted with 2a (0.25 mmol) in
the presence of several Bi catalysts (0.05 mmol) in DMF at 100 °C under aerobic conditions
(entries 1-7). BiCls, BiBr3, Bils, and Bi(OTf)3, which function as Lewis acids, afforded the
corresponding 3-selanylindole 3aa in good-to-excellent yields (77-97%). Bil; displayed
the best yield and reaction time, and both selanyl groups were efficiently transferred from
the diselenide to product 3aa (entry 3). Furthermore, although bismuth halides such as
BiCl3 and BiBr3 are hygroscopic, Bilz can be easily handled in air without such concerns.
By contrast, antimony catalysts with the same group of atoms as bismuth and other Lewis
acid catalysts were less effective than Bil; (entries 8-12). A comparison to iodine (Iz) was
also attempted; however, the reaction barely progressed (entry 13). Solvent screening

189



Molecules 2024, 29, 3227

indicated that the reaction proceeded efficiently in DMF (97%), DMSO (89%), and THF
(60%), whereas CH3CN, MeOH, dioxane, 1,2-DCE, and toluene were inefficient (entries
3 and 14-20). When the reaction was performed at 60 °C, the reaction time increased
markedly to 8 h (entry 21). The reaction performed under oxygen produced 3aa in a high
yield (94%), which was almost identical to that obtained under aerobic conditions (entries
3 and 22). However, the yield was notably suppressed (9%) under an argon atmosphere
(entry 23). Decreasing the Bil; loading from 10 to 5 and 1 mol% markedly prolonged the
reaction time, although the reaction afforded the desired product (entries 24 and 25). The
best result was obtained under aerobic conditions at 100 °C when 1a was treated with
0.5 equivalents of diselenide 2a in the presence of Bil3 (10 mol%) in DMF (entry 3). This
selenation could also be scaled up to 10 mmol. The desired product 3aa was obtained in
an excellent yield (99%), generating up to 2.84 g of the product. Furthermore, the reaction
of 1a and 2a with 1 equivalent of TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl] or 1,1-
diphenylethylene as radical scavengers afforded 3aa in yields of 94% and 96%, respectively
(entries 26 and 27). These results indicate that the reaction system does not follow a radical
mechanism. The regiochemistry of 3-selanylindole 3aa was elucidated using "H-NMR and
single-crystal X-ray analyses (Figure 2). The 'H-NMR spectrum of 3aa was consistent with
that of the standard sample [41].

Table 1. Optimization of the reaction conditions la],

SePh
@ . Phseser Catalyst (10 mol%) @
N Solvent, air N
Me Me
1a 2a 3aa
Entry Catalyst Solvent Temp. [°C] Time [h] Yield (%) P!
1 BiCls DMF 100 24 85
2 BiBr; DMF 100 6 84
3 Bilz DMF 100 1 97 (91) ld
4 BiF; DMF 100 24 14
5 Bi(OTf)3 DMF 100 24 77
6 Bi(ONO,); DMF 100 24 49
7 Ph3Bi DMF 100 24 2
8 SbBr3 DMF 100 24 77
9 Sblz DMF 100 24 74
10 AlCl; DMF 100 24 11
11 InCl3 DMF 100 24 25
12 FeCly DMF 100 24 41
13 I DMF 100 24 20
14 Bil3 DMSO 100 2 89
15 Bil; CH;CN 80 24 45
16 Bil; THF 60 24 60
17 Bil3 MeOH 60 24 51
18 Bil; 1,2-DCE 80 2 12
19 Bil; Dioxane 100 24 19
20 Bil3 Toluene 100 24 12
21 Bil; DMF 60 8 89
22 1d] Bil; DMF 100 1 94
23 [e] Bilz DMF 100 24 9
24 1] Bilz DMF 100 8 94
25 8l Bil; DMF 100 24 92
26 [l Bil; DMF 100 1 94
271l Bil3 DMF 100 1 96

la] Conditions: 1a (0.5 mmol), 2a (0.25 mmol), catalyst (10 mol%), and solvent (2 mL). bl GC yield using biphenyl
as the internal standard. [ Isolated yield. [dl Under O,. [¢] Under argon. Ifl Bil; (5 mol%). [8! Bil; (1 mol%).
[l TEMPO (0.5 mmol). [ Diphenylethylene (0.5 mmol).

190



Molecules 2024, 29, 3227

Figure 2. ORTEP drawing of 3aa with 50% probability (CCDC 2291058).

To understand the scope and limitations of the developed regioselective selenation
reaction, various indoles 1 (0.5 mmol) were reacted with diselenides 2 (0.25 mmol) under the
optimized conditions (Figure 3). The reaction of N-methylindole 1a with diaryl diselenides
2b-i afforded the corresponding products, i.e., 3ab-ai, in good-to-excellent yields, except
for 3ah. For 3ab-ae, the presence of an electron-donating or electron-withdrawing group at
the 4-position of the benzene ring of diselenides 3b-e did not affect the reaction progression,
although the reaction time was slightly prolonged when electron-donating groups were
substituted. Sterically hindered ortho-substituted diselenides 2f and 2g reacted to give
selenides 3af and 3ag, respectively. By contrast, for 2h, which comprises a benzylamino
group, the reaction did not proceed, and the starting materials were recovered. For the
reaction using diaryl diselenide 2i, which bears a heterocyclic ring, 3ai was afforded in a
good yield. Dibenzyl diselenide 2j, which contains a benzyl moiety as the alkyl group, also
afforded 3aj in a good yield (82%). Next, the reaction of diphenyl diselenide 2a with various
N-methylindoles, i.e., 1b—i, bearing electron-donating or electron-withdrawing groups on
the benzene ring afforded the desired products 3ba-3ia in satisfactory yields (75-99%).
The reaction proceeded smoothly from the unsubstituted indoles 1j-1 to obtain the parent
3-selanylindoles 3ja-la (79-93%). Furthermore, the reaction of the N-substituted indoles
1m and 1n with benzyl or phenyl groups on the nitrogen also gave the corresponding
products 3ma and 3na; however, N-acetylindole 1o with an electron-withdrawing group
did not give 30a, and the starting materials were recovered. These results suggest that
the reaction is electrically influenced by the substituents on the indole nitrogen. 2-Phenyl-
and 2-methylindoles 1p and 1q were treated with 2a to afford the 3-selanyl-2-substituted
indoles 3pa and 3qa, respectively. The attempted double selenation of 1a using two
equivalents of diphenyl diselenide 2a did not yield the corresponding 2,3-diselanylindole
3ra; instead, 3-selanylindole 3aa was isolated in a yield of 98%. These results suggest
that this reaction proceeds only at the 3-position of the indole. Finally, the reaction of
1a with dichalcogenides containing sulfur and tellurium was attempted. The reaction
with diphenyl disulfide afforded the desired 3-sulfanylindole 4 in an excellent yield (99%),
although the reaction time (24 h) was longer than that with diselenide, which is a selenium
reagent. By contrast, the reaction proceeded to a certain extent with diphenyl ditelluride,
and indole 5 was obtained in a yield of 26%.
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Figure 3. Substrate scope: reaction of indoles with dichalcogenides [ab] [al g (0.5 mmol), 2 (0.25 mmol),
Bil; (0.05 mmol), and DMF (2 mL). [] Yield of isolated products. <] 23 (0.5 mmol); 3aa was isolated
in a yield of 98%.

However, the reaction mechanism for this selenation remains unclear. Circumstantial
evidence indicates that the reaction was affected by the gaseous atmosphere and proceeded
smoothly in the presence of a molecular oxygen atmosphere while being notably suppressed
in an inert gas atmosphere (Table 1: entries 3, 22, and 23). Bils forms a pentacoordinated
complex with bismuth, the central atom, and the oxygen atoms of reagents and solvents
such as MogOy4 and THF [72,73]. Therefore, a possible mechanism for this reaction is
illustrated in Scheme 2. The initial step was the generation of the pentacoordinated Bi-
peroxo complex A from Bilz and oxygen. While the selenium atom of the diselenide
coordinates with complex A, the 3-position of the indole nucleophilically attacks another
selenium atom, forming complex B and intermediate C. The aryl selenide anion formed
during the interconversion between complexes B and A attacks intermediate C to form
3-selanylindole 3 and selenol D. Selenol D is converted to diselenide 2 via oxidation in air.
Therefore, the reaction proceeds with 0.5 equivalents of diselenide, and both selanyl groups
are used for the reaction. Bismuth complexes A and B, which are expected to form during
this process, have not yet been confirmed or isolated.
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Scheme 2. Possible mechanism.

3. Conclusions

Herein, we report a simple Bi-catalyzed regioselective selenation protocol for the syn-
thesis of 3-selanylindoles under mild reaction conditions. The reaction is atom-economical,
with the participation of both selanyl groups of the diaryl diselenide. Indoles and dise-
lenides bearing different functional groups afforded the corresponding products in satisfac-
tory yields. This reaction is the first example of the Bi-catalyzed C—H selenation of aromatic
heterocycles. Detailed studies on the exact mechanism of this reaction and the synthesis of
asymmetric selenides containing other heterocyclic rings using this protocol are currently
underway.

4. Materials and Methods
4.1. General Information

All the chemicals, including organic solvents, were obtained from commercial vendors
and used as received without further purification. All chromatographic separations were
accomplished with Silica Gel 60N (Kanto Chemical Co., Inc., Tokyo, Japan). Thin-layer
chromatography (TLC) was performed using Macherey—Nagel Pre-coated TLC plates Sil
G25 UVys4. Melting point measurements were conducted on a Yanagimoto micro-melting
point hot-stage apparatus (MP-S3) and reported as uncorrected values. In addition, 'H
NMR (TMS: § = 0.00 ppm as an internal standard), 1*C NMR (CDCl3: § = 77.00 ppm as an
internal standard), 1°F NMR (376 MHz, benzotrifluoride; § = —64.0 ppm as an external
standard), and 77Se NMR (76 MHz, diphenyldiselenide; 6 = 463.15 ppm as an external
standard) spectra were recorded on JEOL ECZ-400S (400, 100, 376, and 76 MHz for 1H-,
13C-, 9F-, and 7”Se NMR, respectively) spectrometers (JEOL Ltd., Tokyo, Japan). GC-MS
(EI) spectra were recorded on Agilent 5977 E Diff-SST MSD-230 V spectrometer. HRMS
(ESI) spectra were recorded on Agilent 6230 (Agilent Technologies Japan, Ltd., Tokyo,
Japan). X-ray measurements were recorded on Rigaku XtaLAB Synergy with a HyPix3000
diffractometer (Rigaku, Corp., Tokyo, Japan). IR spectra were recorded on an FTIR-8400S
or IRAffinity-1S system from a Shimadzu spectrometer (SHIMADZU Corp, Kyoto, Japan)
and are reported as the frequencies of absorption (cm~!). Only selected IR absorbencies are
reported. The spectroscopic data of the calcogenated indoles 3aa—ad, 3ag, 3ka, 3ma, 3qa,
4 [41], 3aj [74], 3ba [42], 3ea, 3ja, 3na [35], 3la [27], 3pa [75], and 5 [76] are in accordance
with those in the literature, and their characterization data are in Supplementary Materials.

4.2. General Procedure for the Synthesis of Calcogenated Indoles

The indole derivative (1) (0.5 mmol) was added to a solution of dichalcogenide (2)
(0.25 mmol, 0.5 eq.) and bismuth(IIl) iodide (30 mg, 0.05 mmol, and 10 mol%) in anhydrous
dimethylformamide (2 mL). After stirring at 100 °C in an oil bath, the mixture was cooled to
room temperature and evaporated to dryness under reduced pressure. The crude product
was purified on a silica gel column chromatography to give the desired product 3.
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4.3. Characterization Data of Novel Compounds
4.3.1. 3-(4-Trifluoromethylphenyl)selanyl-1-methyl-1H-indole (3ae)

Yield: 171 mg (96%); Colorless prism (from CH,Cl;-Hexane); m.p. 133.0-135.0 °C;
R¢ = 0.54 (CH,Cly-Hexane, 1:2). "H NMR (400 MHz, CDCl3): 6 =7.57 (d, ] = 7.8 Hz, 1H;
Ar-H), 7.41 (d, ] = 8.2 Hz, 1H; Ar-H), 7.36 (s, 1H; Ar-H), 7.35-7.30 (m, 3H; Ar-H), 7.26 (d,
J =82 Hz, 2H; Ar-H), 7.19 (td, | = 8.2, 0.9 Hz, 1H; Ar-H), 3.88 ppm (s, 3H; N-CH3). 13C
NMR (100 MHz, CDCl3): 6 = 140.0 (C), 137.5 (C), 135.9 (CH), 130.4 (C), 128.0 (CH), 127.5 (q,
J =32Hz, C),125.5(q, ] = 3.9 Hz, CH), 124.2 (q, ] = 272 Hz, C), 122.7 (CH), 120.7 (CH), 120.2
(CH), 109.7 (CH), 94.6 (C), 33.2 ppm (CH3). F NMR (376 MHz, CDCl3): § = —63.7 ppm.
77Se NMR (76 MHz, CDCl3): § = 223.4 ppm. IR (ATR): v~ = 739, 822, 1072, 1105, 1321 cm 1.
MS (EI, 70 eV): m/z (%) = 355 (21) [M]*, 275 (100), 130 (14). HRMS (ESI): m/z calcd for
C16H12F3NSe: 355.0087 [M]*; found: 355.0088.

4.3.2. 1-Methyl-3-(2-methylphenyl)selanyl-1H-indole (3af)

Yield: 129 mg (86%); Colorless plate (from CH,Cl,-Hexane); m.p. 129.0-132.0 °C;
Rf=10.20 (CH,Cl-Hexane, 1:5). 'H NMR (400 MHz, CDClz): § = 7.59 (d, | = 7.8 Hz,
1H; Ar-H), 7.39 (d, ] = 8.2 Hz, 1H; Ar-H), 7.31 (s, 1H; Ar-H), 7.30 (td, ] = 8.2, 0.9 Hz, 1H;
Ar-H),7.17 (td, ] =7.3,0.9 Hz, 1H; Ar-H), 7.10 (d, ] = 7.3 Hz, 1H; Ar-H), 7.00 (td, ] = 7.8,
2.3 Hz, 1H; Ar-H), 6.86-6.80 (m, 2H; Ar-H), 3.85 (s, 3H; N-CH3), 2.46 ppm (s, 3H; CH3). 13C
NMR (100 MHz, CDCl3): 6 = 137.6 (C), 135.92 (C), 135.87 (CH), 134.8 (C), 130.8 (C), 129.7
(CH), 127.8 (CH), 126.4 (CH), 125.2 (CH), 122.4 (CH), 120.5 (CH), 120.4 (CH), 109.5 (CH),
94.9 (C), 33.1 (CH3), 21.2 ppm (CH3). 77Se NMR (76 MHz, CDCl3): § = 178.3 ppm. IR (ATR):
v~ =411, 426,729, 746, 1456 cm . MS (EI, 70 eV): m/z (%) = 301 (40) [M]*, 221 (60), 131
(100), 91 (30). HRMS (ESI): m/z caled for C1¢H15NSe: 301.0370 [M]*; found: 301.0370.

4.3.3. 3-(2-Benzothienyl)selanyl-1-methyl-1H-indole (3ai)

Yield: 171 mg (99%); Yellow needle (from CH,Cl,-Hexane); m.p. 144.0-147.0 °C;
Rf=0.21 (CHCly-Hexane, 1:5). 'H NMR (400 MHz, CDCl;): 6 =7.78 (d, ] = 7.8 Hz, 1H;
Ar-H),7.62 (d, ] =6.9 Hz, 1H; Ar-H), 7.60 (d, ] = 7.3 Hz, 1H; Ar-H), 7.39 (s, 1H; Ar-H), 7.36
(d, ] = 7.8 Hz, 1H; Ar-H), 7.32-7.16 (m, 5H; Ar-H), 3.83 ppm (s, 3H; N-CH3). 3C NMR
(100 MHz, CDCl3): ¢ = 142.2 (C), 140.5 (C), 137.2 (C), 135.1 (CH), 132.1 (C), 130.3 (C), 126.3
(CH), 124.1 (CH), 123.5 (CH), 122.51 (CH), 122.47 (CH), 121.5 (CH), 120.5 (CH), 120.3 (CH),
109.6 (CH), 97.1 (C), 33.1 ppm (CH3). 77Se NMR (76 MHz, CDCl3): 6 = 179.9 ppm. IR (ATR):
v~ =426, 486, 556, 723, 735, 1236 cm . MS (EI, 70 eV): m/z (%) = 343 (14) [M]*, 263 (100),
207 (21), 131 (43), 89 (21), 44 (29). HRMS (ESI): m/z calcd for C17H13NSSe: 342.9934 [M]*;
found: 342.9932.

4.3.4. 1,5-Dimethyl-3-phenylselanyl-1H-indole (3ca)

Yield: 133 mg (88%); Colorless plate (from CH,Cly-Hexane); m.p. 104.0-105.0 °C;
R¢ = 0.58 (CH,Clx-Hexane, 1:5). 'H NMR (400 MHz, CDCl3): 6 = 7.41 (s, 1H; Ar-H), 7.27—
7.20 (m, 4H; Ar-H), 7.14-7.05 (m, 4H; Ar-H), 3.81 (s, 3H; N-CH3), 2.43 ppm (s, 3H; CHj3).
13C NMR (100 MHz, CDCl3): 6 = 135.83 (C), 135.76 (CH), 134.5 (C), 130.9 (C), 129.8 (C),
128.9 (CH), 128.3 (CH), 125.4 (CH), 124.1 (CH), 120.0 (CH), 109.2 (CH), 95.0 (C), 33.1 (CH3),
21.4 ppm (CH3). 77Se NMR (76 MHz, CDClg): & = 206.4 ppm. IR (ATR): v~ = 424, 457,731,
793, 1474, 1506 cm ™. MS (EI, 70 eV): m/z (%) = 301 (20) [M]*, 221 (100), 144 (13). HRMS
(ESI): m/z caled for C14H15NSe: 301.0370 [M]*; found: 301.0369.

4.3.5. 5-Chloro-1-methyl-3-phenylselanyl-1H-indole (3da)

Yield: 135 mg (84%); Colorless plate (from CH,Cly-Hexane); m.p. 132.0-133.5 °C;
Ry =0.54 (CHxClx-Hexane, 1:5). 'H NMR (400 MHz, CDCls): 6 = 7.60 (s, 1H; Ar-H), 7.33 (s,
1H; Ar-H), 7.28-7.19 (m, 4H; Ar-H), 7.15-7.08 (m, 3H; Ar-H), 3.82 ppm (s, 3H; N-CH3). 13C
NMR (100 MHz, CDCl3): é = 136.9 (CH), 135.9 (C), 133.7 (C), 131.9 (C), 129.0 (CH), 128.6
(CH), 126.5 (C), 125.7 (CH), 122.8 (CH), 119.9 (CH), 110.7 (CH), 95.7 (C), 33.3 ppm (CH3).
77Se NMR (76 MHz, CDCl3): 6 = 209.6 ppm. IR (ATR): v~ = 422, 457, 689, 733, 795, 1422,
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1474 cm~1. MS (EI, 70 eV): m/z (%) = 321 (25) [M]", 241 (100), 164 (15). HRMS (ESI): m/z
caled for C15H;,CINSe: 320.9823 [M]*; found: 320.9825.

4.3.6. 1-Methyl-3-phenylselanyl-1H-indole-5-carbonitrile (3fa)

Yield: 149 mg (96%); Colorless prism (from CH,Cl;-Hexane); m.p. 198.0-199.5 °C;
Rf = 0.34 (CH,Clr-Hexane, 1:1). 'H NMR (400 MHz, CDCl3): 6 =7.95 (d, ] = 1.4 Hz, 1H;
Ar-H), 7.49 (dd, | = 8.7, 1.4 Hz, 1H; Ar-H), 7.45 (s, 1H; Ar-H), 7.41 (d, ] = 8.7 Hz, 1H; Ar-H),
7.23-7.20 (m, 2H; Ar-H), 7.17-7.12 (m, 3H; Ar-H), 3.88 ppm (s, 3H; N-CH3). *C NMR
(100 MHz, CDCl3): 6 = 139.0 (C), 137.6 (CH), 132.8 (C), 130.5 (C), 129.11 (CH), 129.07 (CH),
126.14 (CH), 126.08 (CH), 125.4 (CH), 120.4 (C), 110.5 (CH), 103.6 (C), 97.9 (C), 33.3 ppm
(CH3). 77Se NMR (76 MHz, CDCl3): § = 212.5 ppm. IR (ATR): v~ = 461, 474, 631, 692,
741 cm~1. MS (EI, 70 eV): m/z (%) = 312 (17) [M]*, 232 (100), 155 (16). HRMS (ESI): m/z
caled for C16H1oN5Se: 312.0166 [M]*; found: 312.0166.

4.3.7. 1,4-Dimethyl-3-phenylselanyl-1H-indole (3ga)

Yield: 138 mg (92%); Colorless plate (from CH,Cly-Hexane); m.p. 84.0-85.0 °C;
Rf=0.25 (CHClx-Hexane, 1:5). H NMR (400 MHz, CDCl3): 6 = 7.29 (s, 1H; Ar-H),
7.24-7.18 (m, 4H; Ar-H), 7.15-7.11 (m, 2H; Ar-H), 7.07 (tt, ] = 6.9, 1.4 Hz, 1H; Ar-H), 6.89
(d, ] = 7.3 Hz, 1H; Ar-H), 3.80 (s, 3H; N-CH3), 2.69 ppm (s, 3H; CH3). *C NMR (100 MHz,
CDCl3): 6 =137.9 (C), 136.8 (CH), 136.4 (C), 132.3 (C), 129.0 (CH), 127.9 (CH), 125.2 (CH),
122.4 (CH), 122.0 (CH), 107.5 (CH), 94.6 (C), 33.1 (CH3), 18.7 ppm (CHj3). 7/Se NMR
(76 MHz, CDCl3): 6 = 251.5 ppm. IR (ATR): v~ = 457, 667, 689, 727,739, 1474 cm~!. MS (EI,
70 eV): m/z (%) = 301 (33) [M]*, 221 (100), 144 (44). HRMS (ESI): m/z caled for C14Hi5NSe:
301.0370 [M]*; found: 301.0369.

4.3.8. 1,6-Dimethyl-3-phenylselanyl-1H-indole (3ha)

Yield: 126 mg (84%); Colorless plate (from CH,Cly-Hexane); m.p. 86.0-87.5 °C;
Rf=0.45 (CH,Cl-Hexane, 1:5). 'H NMR (400 MHz, CDCl3): § = 7.50 (d, ] = 8.2 Hz,
1H; Ar-H), 7.26-7.22 (m, 3H; Ar-H), 7.18 (s, 1H; Ar-H), 7.14-7.06 (m, 3H; Ar-H), 7.01 (d,
] =7.8 Hz, 1H; Ar-H), 3.80 (s, 3H; N-CHj3), 2.52 ppm (s, 3H; CH3). *C NMR (100 MHz,
CDCl3): 6 =137.8 (C), 135.1 (CH), 134.3 (C), 132.4 (C), 128.9 (CH), 128.5 (C), 128.4 (CH),
125.4 (CH), 122.1 (CH), 120.1 (CH), 109.5 (CH), 95.6 (C), 32.9 (CH3), 21.8 ppm (CH3). 7/Se
NMR (76 MHz, CDCl3): § = 209.3 ppm. IR (ATR): v~ = 430, 598, 689, 729, 797 cm 1. MS (EI,
70 eV): m/z (%) = 301 (19) [M]*, 221 (100), 144 (17). HRMS (ESI): m/z caled for C14H15NSe:
301.0370 [M]*; found: 301.0371.

4.3.9. 1,7-Dimethyl-3-phenylselanyl-1H-indole (3ia)

Yield: 113 mg (75%); Colorless plate (from CH;Cly-Hexane); m.p. 110.0-111.0 °C;
R = 0.34 (CH,Cly-Hexane, 1:5). 'H NMR (400 MHz, CDCls): 6 = 7.46 (d, | = 7.8 Hz, 1H;
Ar-H), 7.24-7.20 (m, 3H; Ar-H), 7.13-7.05 (m, 3H; Ar-H), 7.01 (t, ] = 7.3 Hz, 1H; Ar-H), 6.96
(d, ] = 6.9 Hz, 1H; Ar-H), 4.08 (s, 3H; N-CHj3), 2.79 ppm (s, 3H; CH3). 1*C NMR (100 MHz,
CDCly): § = 137.2 (CH), 136.1 (C), 134.2 (C), 131.8 (C), 128.9 (CH), 128.5 (CH), 125.4 (CH),
125.1 (CH), 121.5 (C), 120.6 (CH), 118.7 (CH), 95.7 (C), 37.0 (CH3), 19.6 ppm (CH3). 7/Se
NMR (76 MHz, CDCl3): 6 = 208.8 ppm. IR (ATR): v~ = 689, 733, 748, 781, 1450 cm . MS (EI,
70 eV): m/z (%) = 301 (18) [M]*, 221 (100), 144 (17). HRMS (ESI): m/z caled for C1H15NSe:
301.0370 [M]*; found: 301.0370.

4.4. Single-Crystal X-ray Diffraction Experiment of 3aa

A suitable crystal was selected and measured on an XtaLAB Synergy, Single source at
home /near, HyPix3000 diffractometer. The crystal was kept at 103 K in an N cold stream
during data collection. Using Olex2 [77], the structure was solved with the SHELXT [78]
structure solution program using Intrinsic Phasing and refined with the SHELXL [79] re-
finement package using Least Squares minimization. Crystal Data for 3aa: C;5Hj3NSe
(M =286.22 g/mol), monoclinic, space group P2; /n (no. 14), a =7.73810(10) A, b=9.03610(10) A,
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c=18.162002) A, £ =101.9160(10)°, V = 1242.56(3) A3,7=4T=103K, #(Cu Kor) = 3.873 mm ™1,
D aic = 1.530 g/cm3, 6253 reflections measured (9.954° < 2@ < 136.378°), and 2263 unique
reflections (Rint = 0.0255 and Rsjgma = 0.0218), which were used in all calculations. The final
Rq was 0.0243 (I > 20(I)), and wR, was 0.0652 (all data).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29133227/s1. The characterization data of known
compounds and 'H- and '3C-NMR spectra are available online. The crystal structures have been
deposited to the CCDC with the number 2291058, and the CIF files are also provided.
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Abstract: The synthesis of unsymmetrical diorganyl selanes was accomplished under electrochemical
conditions in an undivided cell utilizing a magnesium cathode and a carbon anode made out of
aryl and alkyl iodides and diselanes. This electrochemical cross-electrophile coupling (eXEC) was
accomplished using a simple nickel catalyst formed in situ out of Ni(acac), and 2,2'-bipyridine
in DMF at ambient temperatures. The reaction showed good functional group compatibility, and
heteroaryl iodides, such as thiophene or pyridine derivatives, were well accepted.

Keywords: catalysis; diselanes; selanes; nickel; electrochemistry; aryl iodides; alkyl iodides

1. Introduction

A number of unsymmetrical diorganyl selane compounds exhibit useful (= non-lethal)
biological applicability [1,2], such as phenylselenyl-substituted naphthol derivative 1,
which is applied as a 5-LOX inhibitor (Figure 1). Phenylselanyl-substituted quinoline
derivative 2 is an antifungal agent, whereas multiple-substituted 3-indolyl selane 3 is used
as an efficient cell growth inhibitor. Besides the well-known «-amino acids selenocysteine
and selenomethionine, aryl-alkyl-selanes, such as a-amino acid 4, exhibit useful biological

activity; 4 acts as a chemopreventive agent.
OMe o)
1@[ prse~ AL,
OMe :
NH
OMe 4 T

' ‘ _SePh N\ COOH Qj
cell groth inhibitor

Me 3
5-LOX inhibitor antifungal agent SePh chemopreventive agent

Figure 1. Biologically active unsymmetrical diaryl selanes and a biologically active alkyl-aryl-selane.

Also, chiral unsymmetrical diaryl selanes and alkyl-aryl-selanes are of synthetic
value—for example, in the selenium-catalyzed oxidative cyclization of 3,y-unsaturated car-
boxylic acid, as reported by Maruoka in 2016 [3]. Recently, an excellent review concerning
the application of selenium compounds to asymmetric synthesis was published by Back [4].

For the synthesis of such unsymmetrical selanes, the recent focus has been on the
investigation of cross-coupling methodologies [5,6]. Transition metal-catalyzed coupling
reactions, in most cases, rely on high temperatures, as shown by Engman [7]; the application
of strong bases, as exemplified by Rueping [8]; photochemical activation [9,10]; or more
sophisticated approaches, like the use of catalytically active nanoparticles, as described by
Rao [11] (Scheme 1).
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Engman .
Cul, bipy
Mg s
- + (PhSe EEEE— ~Sex
Ar=Br * ( )2 DMF, microwave Ar Ph
200°C 45-70%
Rueping
Ni(COD),, dtbb
Ar—X + ArSeH (COD),, dtobpy A SEA
2 equiv. DBU
MeCN, 12 h, rt 37-99%
Rao
CuO nonoparticles (2 mol%)
KOH (2 equiv.)
Ar—X + (PhSe), Ar’se\Ph
DMSO, 12 h, 110 °C
inert gas 25-94%

Scheme 1. Recent access routes for unsymmetrical diorganyl selanes.

To overcome the challenges faced in classical cross-coupling chemistry, electrochemi-
cally driven cross-electrophile coupling (eXEC) has emerged as a new methodology [12-14].
The electrochemical coupling of two electrophiles, formally accompanied by a two-electron
reduction process, facilitates the desired cross-coupling via radical pathways [15], making
the disadvantages of the classical pathways mentioned above obsolete (Scheme 2) [16].
A crucial point in this strategy is that the redox potentials of the two electrophiles are
different so that selective reduction can occur. Naturally, electrochemical activation of
one of the starting materials can either be accomplished by potentiostatic electrolysis with
a fixed redox potential with respect to a reference electrode or by galvanostatic electrolysis
at low current densities. Therefore, the larger the difference in the reduction potential, the
more selective the activation process.

transition metal catalyst
Qx + Q - Q-9

cathode

. \ Q-0

Proceeds via: homocoupling as major challenge

radical generation
cathodic reduction
oxidative addition
reductive eleminiation
_ J

Scheme 2. General concept of electrochemical cross-electrophile coupling (eXEC).

The idea of an eXEC reaction pathway for mild synthesis of unsymmetrical diorganyl
selanes inspired us to initiate an investigation of an eXEC process where electrochemically
generated selanyl radical species could react with aryl or alkyl iodides under nickel catalysis.
The focus of the proposed reaction was set to realize the synthesis of the diorganyl selane
under mild reaction conditions with broad functional group tolerance from easily accessible
starting materials.

2. Results and Discussion

As easily accessible test substrates, we chose 4-iodotoluene (5a) and diphenyl diselane
(6) for the formation of the unsymmetrical phenyl-4-tolylselane (7a, Table 1).
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Table 1. Optimization results for the nickel-catalyzed formation of unsymmetrical diaryl selane 7a.

| Ni(acac); (25 mol%), bipy (25 mol%) Se
2 /©/ + PhSe—SePh > 2
Me 6 DMF, Mg(+) / Cryc(-), 2 F, 3 mA M

5a e
LiCIO, (0.5 M), rt 7a, 91%
Entry Change to the Conditions Yield
1 BuyNPFg as supporting electrolyte 58%
2 LiClOy4 (0.5 M) as supporting electrolyte, glassy carbon cathode 66%
3 LiClOy4 (0.24 M) as supporting electrolyte, glassy carbon cathode 48%
4 NiCl,-6H,O as nickel catalyst precursor 62%
5 NiBr; as nickel catalyst precursor 52%
6 Nil, as nickel catalyst precursor 57%
7 Ni(acac); (20 mol%) 43%
8 Ni(acac); (30 mol%) 44%
9 1,10-phananthroline as ligand 46%
10 1,2-(diphenylphosphino)ethane (dppe) as ligand 2%
11 Dimethylaminoacetamide (DMA) as solvent 50%
12 Acetonitrile (MeCN) as solvent 36%
13 2,2, 2-trifluoroethanol as solvent 0%
14 Divided cell (P4 frit) (2 F) 12%
15 Pseudo-divided cell (Pt wire anode) 0%
16 Glassy carbon cathode 57%
17 Magnesium cathode 56%
18 Platinum cathode 0%
19 Zinc anode 20%
20 Platinum anode 0%
21 1.5 F of electricity 42%
22 2.5 F of electricity 27%
23 None 91%

Conditions: Ni(acac); (25.7 mg, 0.1 mmol), bipy (15.6 mg, 0.1 mmol), 4-iodotoluene (87.2 mg, 0.4 mmol), LiClO4
(106 mg), and (PhSe), (62.4 mg, 0.2 mmol) were weighed in an undivided cell, anhydrous DMF (3 mL) was
added, and the solution was electrolyzed (Mg (+)/Cryvc (-), 2 F, 3 mA) under an argon atmosphere. The yield was
determined via GC (FID) using mesitylene as the internal standard.

Optimization of the nickel-catalyzed formation of 7a was performed with respect to
the type and amount of the supporting electrolyte and the nickel precursor, the additive
ligand, the solvent, and the typical electrochemical parameters, such as the cell type, the
anode/cathode material, and the current required to reach the highest conversion and
yield of product 7a. Selected examples of the optimization process are given in Table 1
(for additional test reactions, see the Supporting Information). The individual optimized
parameters were then combined, and the optimized process consisted of Ni(acac), /bipy-
mediated electrochemical transformation with a magnesium sacrificial anode and an RVC
(Reticulated Vitreous Carbon) cathode in an undivided cell, utilizing DMF as the solvent
and LiClOy as the supporting electrolyte at room temperature and under a low current
(3 mA), utilizing 2 F of electricity in an inert atmosphere to afford the desired product at
a 91% yield.

During the optimization process, we checked the above-mentioned individual param-
eters, while some parameters were not yet optimized (see the Supporting Information).
However, typical trends could be observed, and the most important set of information is
given in Table 1.

As supporting electrolytes, tetrabutylammonium salts facilitated the reaction but were
inferior to lithium perchlorate, which gave the highest yield of 7a when a 0.5 M solution of
LiClO4 was used (entries 1-3). Several nickel salts could be applied as the catalyst precursor
(entries 4-6,) among which Ni(acac), proved to give the highest conversion when 25 mol%
(Table 1) was used.

But for no obvious reason, the yield dropped significantly when the catalyst loading
was only slightly reduced or increased (entries 7/8). Interestingly, several bipyridine
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derivatives (see the SI) and phenanthroline (entry 9) resulted in the formation of active
nickel catalysts, whereas phosphine ligands, such as dppe (entry 10), inhibited the desired
reaction completely.

Solvents with an amide subunit, such as DMF (Scheme 3) and DMA (entry 11), gave
good results, while acetonitrile (entry 12) was less suited as the solvent. Slightly acidic
solvents, such as trifluoroethanol, inhibited the reaction completely (entry 13). The re-
action is best performed in an undivided cell (with a 5 mm electrode distance), while in
a divided cell (P4 frit), only traces of the product are found, and no product is formed in
a quasi-divided cell (entries 14/15). These results are of interest because they show that
both electrode reactions are needed for the overall process to be successful. As cathode
material, graphite, glassy carbon, or a Mg plate can be used (entries 16-18). The anode
reaction is best performed using a Mg anode or with much less efficiency using a Zn anode
(20%), but the reaction fails when a Pt anode is used (entries 19—20). The electrolysis should
be stopped after the consumption of 2.0 F, resulting in the best results, while less or more
electricity results in lower yields (entries 21/22).

% ' Ni(acac), (25 mol%)
R | bipy (25 mol%) . Se
s S Sae
7

* Mg(+) / Cryc(-), 2 F, 3 mA

PhSegSePh DMF, LiCIO,4 (0.5 M), rt
Me
o0 OO OO
Me
7a, 91% 7b, 85% 7c, 81%
o0 OO0 OoOU
MeO HO H,N
7d, 80% 7e, 65% 7f, 63%
Se Se Se
o0 oguU <
\
Fsc MeOzC S
79, 81% 7h, 68% 7i, 69%
N._Se N._Se
SRcENS R
Z MeO Z
7i, 81% 7k, 75%
\/\/Se\© O/Se\©
_N
Boc’
71, 59% 7m, 60%

Scheme 3. Scope of the nickel-catalyzed electrochemical synthesis of unsymmetrical diaryl selanes.

With the optimized reaction conditions hitherto at hand, the application of several
selected functionalized iodobenzene derivatives (5) with diphenyl diselane (6) was inves-
tigated for the synthesis of unsymmetrical selanes 7. The results of this investigation are
summarized in Scheme 3.

Under the optimized conditions, the use of iodobenzene and alkyl-substituted iodoben-
zenes led to the formation of 7a-7c at good isolated yields ranging from 80 to 91%. Of
considerably more interest were heteroatom-functionalized iodobenzene derivatives of type
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5 in terms of determining the limiting factors based on their electronic nature. Therefore,
we investigated alkoxy-functionalized iodobenzene derivatives, such as 4-iodanisole and
4-iodophenole, as typical electron-rich arenes. The desired products 7d and 7e were formed
at 80% and 65% yields, respectively. With a similar efficiency, 4-iodoaniline was converted
into product 7f, which was isolated at a 63% yield. Substrates with electron-withdrawing
substituents on their iodoarene moiety were also reactive under the reaction conditions,
and the trifluoromethyl (7g) and methyl benzoate derivatives (7h) were produced at mod-
erate to good yields of 81% and 68%, respectively. Heterocyclic iodoarenes were then
investigated, and the 2-thienyl, 2-pyridinyl, and 4-methoxy-2-pyridinyl moieties were well
accepted in this process. The desired products 7i-7k could be isolated again at moderate to
good yields, ranging from 69 to 81%. Finally, alkyl iodides were also investigated, and as
the test substrate, a simple primary alkyl iodide, such as butyl iodide, was reacted with
diphenyl diselane. The desired product 71 was isolated at a moderate yield (59%), but this
result indicated that the reaction was not strictly limited to aryl iodides. Last but not least,
the secondary Boc-protected piperidinyl iodide was converted into 7m, and the product
was isolated at a 60% yield. In this reaction, a small portion (5-10%) of a Boc-deprotected
piperidine selane was also observed but could not be isolated in its pure form.

According to these results, electron-deficient, electron-neutral, and electron-rich aryl
iodides could be transformed into the desired selanes at moderate to good yields. Also,
heteroaryl iodides were well accepted as starting materials, as were alkyl iodides, showing
few restrictions concerning the application to forming selanes of primary and secondary
alkyl derivatives.

The modification of diaryl diselanes is more complex since very few diaryl diselanes
are commercially available. Diselanes 9 must be prepared from suitable aryl bromides 8 in
multi-step synthesis, as is outlined in Scheme 4. The synthesis of diselanes was described
by us in a preliminary study [17] and therefore should only be discussed briefly. Aryl
bromide 8 is treated with excess tBuLi at a low temperature before elemental grey selenium
is added and the mixture is stirred for 1 h. The solution is then acidified, and the selenole
intermediate is oxidized by air at room temperature to yield the corresponding diselane 9,
which is then purified by column chromatography.

1. tBuLi (2.1 equiv.), THF -78 °C, 45 min _
Br. A 2.Se (1.1 equiv.),0°Ctort,1h R — | Se
2 | Lr > NNss” X
% 3. HCI(aq.), air, 1 h | TR
8 9 L

Scheme 4. Synthesis of bis-functionalized diaryl diselanes.

Thereby, we obtained two diselane candidates with different electronic natures, with
diselane 9a bearing a methoxy group in the 4-position and diselane 9b having an electron-
abstracting 4-trifluoromethyl group. These diselanes were then subjected to the optimized
reaction conditions and reacted with 4-iodotoluene 5a as an electron-neutral test substrate.
The results of these two reactions are given in Scheme 5.

| Se
2 /©/ i 2
Ni(acac), (25 mol%
¢ )2 ( ) Me OMe

Me 5a bipy (25 mol%) 10a. 75%
+
F Mg(+) / Crye(-), 2 F, 3 mA
R | _Se N DMF, LiClO,4 (0.5 M), rt Se
Se | 2R 2
= Me CF3
9aor 9b 10b, 73%

Scheme 5. Nickel-catalyzed synthesis of unsymmetrical bis-substituted and functionalized
diaryl selanes.
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Both products (10a and 10b) were obtained at a good yield (>73%) and showed that
the nickel-catalyzed synthesis of unsymmetrical diaryl selanes is capable of accepting all
sorts of functionalized iodo(hetero)arenes and electron-rich and electron-deficient diselanes
as starting materials.

The observations made during our examination of the reaction led us to a mech-
anistic interpretation consistent with one of the most prominent mechanisms for XEC
reactions [18,19]. It is proposed that the modified radical chain mechanism, which depicts
the net coupling of two electrophiles, proceeds via anodic radical formation and electro-
chemical manipulation of the oxidation state of the Ni (II) intermediates. As demonstrated
in recent research [20], Ni (I) (bipy)halogen complexes are of noteworthy stability, whereas
the corresponding Ni (0) species and Ni (II) species tend to comproportionate with Ni (I),
leading us to believe that the latter is the resting state of the catalyst [21]. Once the Ni (II)
precursor has been reduced, complex A is formed by trapping the anodically generated
selanyl radical (Scheme 6). Following cathodic reduction, intermediary Ni (III) complex C is
formed through following the oxidative addition of iodobenzene to Ni (I)SePh complex B.

[N i]”
reduction

Se
/©/ O anodic
Me [Ni]' oxidation

PhSe 7 2 (PhSe)2

l cathodic

reductive

elimination [Ph3Ses]*
SePh
[N;]|||_©_Me [Ni]'—SePh
. A
oxidative

addition

| [Ni]'=SePh
1y :
Me

Scheme 6. Proposed mechanism of the nickel-catalyzed synthesis of bis-functionalized diaryl selanes.

cathodic
reduction

The ligands are omitted for clarity.

In a classical radical chain mechanism, Ni (I) intermediate B would react with one
of the electrophiles to form a reactive radical [22] and a Ni (II) species. We surmised that
conducting the reaction in a divided cell, where the generation of the selanyl radical is
anodically precluded, should therefore still result in the formation of the desired prod-
uct. Subsequent experimental investigations indicate a markedly reduced yield (12%),
suggesting a relatively slow rate of radical formation and the absence of a requirement
for Mg ions in the reaction process. When the rate of radical formation was controlled
electrochemically [23] in an undivided cell, the yield was increased to 91%, presumably by
bypassing the previously described mode of radical formation through anodic oxidation of
diphenyl diselane. To rule out the premature oxidation of diselane by non-electrochemical
oxidation on the surface of the Mg electrode, a control experiment was carried out using
Mg turnings. Even after two days of reaction and additional heating, no formation of the
desired product was observed.
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3. Materials and Methods
3.1. General Information

To work under an inert gas atmosphere, the solvents used were purchased water- and
oxygen-free from Thermo Fischer Scientific and used in an Acroseal system. The solvents
used for column chromatography were purified by distillation prior to use. All chemicals
and reagents were purchased from commercial suppliers without further purification,
if not stated otherwise, or were prepared according to the known procedures from the
literature. Where water- or air-sensitive compounds were used, the experiments were
carried out in oven-dried glassware using conventional Schlenk techniques under an argon
atmosphere. NMR spectroscopy: The multiplicities of individual detected signals were
given as they could be observed, not as theoretically expected. s (singlet), d (doublet),
t (triplet), and m (multiplet) signals are indicated, as are their combinations. 'H NMR
spectra were measured with an Avance 500 (500 MHz) from Bruker at 305.0 K. The samples
were measured in deuterated chloroform (CDCl3). A pre-set pulse program was used for
all the measurements. "H NMR: (CHCls: 6 = 7.26 ppm); '3C NMR: (CDClj: J = 77.00 ppm);
I9F NMR: (CCI3F: 6 = 0.00 ppm); 77Se NMR: (MeSe-SeMe: 6 = 275.00 ppm). Measurements
of the 7/Se and F spectra were taken using external standards. IR spectra: All the IR
spectra were obtained on an IRSpirit from Shimadzu with the QATR-S Single Reflection
ATR Accessory. The position of the absorption bands is indicated in wavenumbers (cm™1).
Column chromatography: Column chromatography, used for purification of the products,
was carried out with silica gel 60 (grain size: 40-63 um) from Macherey Nagel. Thin-layer
chromatography was carried out on Merck TLC plates coated with silica gel 60 Fys4 with
a fluorescence indicator. For the detection of the ultraviolet light signals (A = 254 nm),
GC analysis or heating the plate after it had been dipped in a KMnOy solution was used.
Melting point determination: The melting point was determined in glass capillaries on
a Mel-Temp from Laboratory Devices, Cambridge.

3.2. The General Procedure

An oven-dried undivided cell was charged with diphenyldiselane (0.5 equiv.), the
organo halogen compound (1.0 equiv.), bipyridine (0.25 equiv.), nickel bis-acetylacetonate
(0.25 equiv.), and lithium perchlorate (3.75 equiv.). The solids were purged with inert argon
gas thrice and left in vacuo for 30 min. Afterwards, anhydrous DMF (7 mL) was added,
and the programmed electrolysis was performed (3 mA, 2.0 F, Mg (+)/Cryc (-), 1500 rpm)
under an argon atmosphere. After complete consumption of the educt was confirmed
via GC/MS, the resulting blackish mixture was filtered over silica gel (eluent Et,O) and
washed with water (50 mL) once. The aqueous phase was extracted with Et,O (50 mL) once,
and the combined organic phase was dried over MgSOy. The solvents were removed under
reduced pressure, and the crude product was purified by flash column chromatography.

3.3. Characterization Data of Novel Compounds
5-Methoxy-2-(phenylselanyl)pyridine (7k)

Yield: 75%, colorless oil. Ry = 0.33 (n-pentane:Et,O = 3:1) 'H NMR (500 MHz,
CDClz): 6 =836 (d, ] = 2.32 Hz, 1H), 7.74 (dd, | = 8.54, 2.35 Hz, 1H), 7.36—7.34 (m,
2H), 7.25-7.21 (m, 2H), 6.71 (d, ] = 8.60 Hz, 2H), 3.95 (s, 3H) ppm. 3C{'H} NMR (125 MHz,
CDCl3): 6 = 164.1,152.4, 145.3, 132.2, 131.3, 129.4, 127.0, 118.0, 112.3, 53.8 ppm. 7/Se{'H}
NMR (95.4 MHz, CDCly): & = 364.7 ppm. IR (ATR): A~ = 3057, 2981, 2941, 2868, 2840, 1577,
1557, 1474, 1427, 1358, 1300, 1278, 1244, 1178, 1157, 1122, 1092, 1067, 1018, 1004, 998, 925,
825, 731, 688, 667, 647, 628, 531,497 cm L.

All the other compounds are known in the literature, and the analytical data are in
accordance with the published data. For details, see the Supporting Information.

In conclusion, the electrochemical eXEC reaction was designed to utilize readily
available aryl iodides and diselanes as electrophiles, where electron transfer generates
selanyl radicals, and in the presence of a nickel catalyst, the radicals are trapped, and
further reduction of the nickel-selanyl complex facilitates the oxidative addition of the
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aryl iodide. Thereby, several unsymmetrical diaryl selanes and alkyl-aryl-selanes were
generated at moderate to good yields. Moreover, the process accepted electron-rich as
well as electron-deficient diaryl-diselanes as the starting materials, which resulted in the
formation of more complex selanes at good yields.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/molecules29194669/s1. The characterization data on the known
compounds and the 'H and '3C NMR spectra are available online.

Author Contributions: Conceptualization, optimization of the reactions, experiments, data acquisi-
tion: J.Q. Writing and supervision: G.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: All the relevant data regarding this investigation can be found in the
Supporting Information.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Nogueira, C.W.; Zeni, G.; Rocha, J.B.T. Organoselenium and organotellurium compounds: Toxicology and pharmacology. Chem.
Rev. 2004, 104, 6255-6285. [CrossRef] [PubMed]

2. Sonego, ].M.; de Diego, S.I.; Szajnman, S.H.; Gallo-Rodriguez, C.; Rodriguez, J.B. Organoselenium compounds: Chemistry and
applications in organic synthesis. Chem. Eur. |. 2023, 52, €202300030. [CrossRef] [PubMed]

3. Kawamata, Y.; Hashimotot, T.; Maruoka, K. A chiral electrophilic selenium catalyst for highly enantioselective oxidative
cyclization. . Am. Chem. Soc. 2016, 138, 5206-5209. [CrossRef] [PubMed]

4. Stadel, ].T.; Back, T.G. Asymmetric synthesis with organoselenium compounds—The past twelve years. Chem. Eur. ]. 2024,
31, €202304074. [CrossRef] [PubMed]

5. Taniguchi, N. Convenient synthesis of unsymmetrical organochalcogenides using organoboronic acids with dichalcogenides via
cleavage of the S-S, Se-Se, or Te-Te bond by a copper catalyst. . Org. Chem. 2007, 72, 1241-1245. [CrossRef]

6.  Kumar, S.; Engman, L. Microwave-assisted copper-catalyzed preparation of diaryl chalcogenides. J. Org. Chem. 2006, 71, 5400-5403.
[CrossRef]

7. Taniguchi, N.; Onami, T. Copper-catalyzed synthesis of diaryl selenide from aryl iodide and diphenyl diselenide using magnesium
metal. Synlett 2003, 2003, 829-832. [CrossRef]

8. Zhumagazy, S.; Zhu, C.; Yue, H.F; Rueping, M. Nickel-catalyzed carbon-selenium bond formations under mild conditions.
Synlett 2023, 34, 1381-1384. [CrossRef]

9. Bonciolini, S.; Pulcinella, A.; Leone, M.; Schiroli, D.; Ruiz, A.L.; Sorato, A.; Dubois, M. A ].; Gopalakrishnan, R.; Masson, G.;
Ca’, N.D,; et al. Metal-free photocatalytic cross-electrophile coupling enables C1 homologation and alkylation of carboxylic acids
with aldehydes. Nat. Commun. 2024, 15, 1509. [CrossRef]

10. Wang, R.; Wang, X.; Mao, S.; Zhao, Y.; Yuan, B.; Yang, X.-Y.; Li, J. Metal-free photochemical C-Se cross-coupling of aryl halides
with diselenides. Adv. Synth. Catal. 2022, 364, 1607-1612. [CrossRef]

11.  Reddy, V.P; Kumar, A.V,; Swapna, K.; Rao, K.R. Copper oxide nanoparticle-catalyzed coupling of diaryl diselenide with aryl
halides under ligand-free conditions. Org. Lett. 2009, 11, 951-953. [CrossRef] [PubMed]

12.  Liu, Y,; Li, P; Wang, Y.; Qui, Y. Electroreductive cross-electrophile coupling (eXEC) reactions. Angew. Chem. Int. Ed. 2023,
62, €202306679. [CrossRef] [PubMed]

13.  Zhang, W.; Lu, L.; Zhang, W.; Wang, Y.; Ware, S.D.; Mondragon, J.; Rein, J.; Strotman, N.; Lehnherr, D.; See, K.A.; et al.
Electrochemically driven cross-electrophile coupling of alkyl halides. Nature 2022, 604, 292-297. [CrossRef] [PubMed]

14. Ding, L.; Zhao, Y.; Lu, H.; Shi, Z.; Wang, M. Nickel-catalyzed asymmetric propargyl-aryl cross-electrophile coupling. Angew.
Chem. Int. Ed. 2023, 63, €202313655. [CrossRef] [PubMed]

15.  Pang, X,; Su, P-F; Shu, X.-Z. Reductive cross-coupling of unreactive electrophiles. Acc. Chem. Res. 2022, 55, 2491-2509. [CrossRef]

16. Cai, Y.-M.; Lui, X.-T; Xu, L.-L.; Shang, M. Electrochemical Ni-catalyzed decarboxylative C(sp?)-N cross-electrophile coupling.
Angew. Chem. Int. Ed. 2024, 63, €202315222. [CrossRef]

17.  Queder, J.; Hilt, G. The electrochemical trans-chloroformyloxylation of unactivated alkenes. Synlett 2024, 34, in press. [CrossRef]

18. Lucas, L.E,; Jarvo, E.R. Stereospecific and stereoconvergent cross-couplings between alkyl electrophiles. Nat. Chem. Rev. 2017,
1, 65. [CrossRef]

19. Biswas, S.; Weix, D.J. Mechanism and Selectivity in Nickel-Catalyzed Cross-Electrophile Coupling of Aryl Halides with Alkyl
Halides. J. Am. Chem. Soc. 2013, 135, 16192-16197. [CrossRef]

20. Day, C.S.; Rentaria-Gomez, A.; Ton, S.J.; Gogoi, A.R.; Gutierrez, O.; Martin, R. Elucidating electron-transfer events in polypyridine

nickel complexes for reductive coupling reactions. Nat. Catal. 2023, 6, 244-253.

207



Molecules 2024, 29, 4669

21. Beromi, M.M.; Banerjee, G.; Brudvig, G.W.; Hazari, N.; Mercado, B.Q. Nickel (I) Aryl species: Synthesis, properties, and catalytic
activity. ACS Catal. 2018, 8, 2526-2533. [CrossRef] [PubMed]

22. Gong, Y,; Hu, J; Qui, C.; Gong, H. Insights into recent nickel-catalyzed reductive and redox C-C coupling of electrophiles,
C(sp3)-H bonds and alkenes. Acc. Chem. Res. 2024, 57, 1149-1162. [CrossRef] [PubMed]

23.  Zhan, L.; Wang, Q.; Tang, H.-T.; Mo, Z.-Y.; Pan, Y.-M. Recent advances in electrochemically mediated reactions of diselenides.
SynOpen 2023, 7, 521-534.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

208



molecules

Article

A Computational Study of Heteroatom Analogues of
Selenoxide and Selenone syn Eliminations

Adrian I. Doig T, Jessica T. Stadel * and Thomas G. Back *

check for
updates

Citation: Doig, A.IL; Stadel, ].T.; Back,
T.G. A Computational Study of
Heteroatom Analogues of Selenoxide
and Selenone syn Eliminations.
Molecules 2024, 29, 4915. https://
doi.org/10.3390/molecules29204915

Academic Editors: Ming Wang and

Hajime Hirao

Received: 30 July 2024
Revised: 28 September 2024
Accepted: 7 October 2024
Published: 17 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Chemistry, University of Calgary, Calgary, AB T2N 1N4, Canada
* Correspondence: tgback@ucalgary.ca; Tel.: +1-403-220-6256
 These authors contributed equally to this work.

Abstract: Selenoxide syn elimination is a widely used method for the synthesis of alkenes because it
proceeds under exceptionally mild conditions, typically with excellent regio- and stereoselectivity.
Surprisingly, hetero-selenoxide eliminations, where one or both olefinic carbon atoms are replaced
with heteroatoms, have been little investigated, and their selenonyl counterparts even less so. A vari-
ety of such reactions, where the heteroatoms included combinations of O, N and S, as well as C, were
investigated computationally. Selenoxides typically have lower activation energies and are slightly
endothermic, while the corresponding selenones display higher activation energies and are exother-
mic in the gas state. The results are consistent with concerted, five-centre processes, leading to the
formation of dioxygen, aldehydes, diazenes and imines from seleninyl or selenonyl peroxides, esters,
hydrazines and amines, respectively. The more acidic selenenyl hydrodisulfide analogue undergoes
proton transfer to the basic selenoxide oxygen atom instead of concerted elimination, resulting in
the formation of a zwitterion. However, the formation of the corresponding selenonyl zwitterion
is disfavoured compared to concerted syn elimination. The effects of solvents were also computed
along with changes in enthalpy, entropy and free energy. Solvent effects were variable, while free
energy calculations indicated overall AG values ranging between 3.60 and —32.12 kcal mol~! for the
syn eliminations of methyl methanethioseleninate and methaneperoxyselenonic acid, respectively.
These computations suggest that the olefin-forming selenoxide syn elimination may be more general
than currently understood and that replacement of the two carbon atoms with heteroatoms can lead
to viable processes.

Keywords: organoselenium chemistry; DFT computations; selenoxides; selenones; syn eliminations;
heteroatom syn eliminations; zwitterions

1. Introduction

The 1,2 eliminations that afford alkenes are among the most fundamental and widely
used processes in synthetic organic chemistry. Syn eliminations are a subset that typically
proceed by concerted, unimolecular processes [1] involving five- or six-centred transition
states and afford complementary stereochemistry to that of E; eliminations. Early examples
of syn processes include ester pyrolyses, as well as Chugaev eliminations of xanthates
and Cope eliminations of amine oxides. Unfortunately, these reactions typically require
high temperatures that make them unsuitable for many applications. The related sulfoxide
elimination has also been employed in alkene synthesis, but it is similarly hampered by
the requirement for elevated temperatures. In contrast, selenoxide syn eliminations (for
selected reviews, see [2-5]; for seminal papers, see [6—10]) often proceed readily at room
temperature and are typically highly regio- and stereoselective. Moreover, the introduction
of the required selenium residue into an organic substrate can be easily achieved via either
electrophilic, nucleophilic or radical processes, thus further enhancing the popularity of
this useful reaction.
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The widely employed alkyl selenoxide elimination has been studied previously by
computational methods and is included here for comparison with the heteroatom ana-
logues that are the focus of the present investigation. For example, early work by Kwart
et al. [11] demonstrated that tunnelling plays an important role in lowering the activation
energies of these processes compared to those of other syn eliminations. A computational
investigation of the regioselectivity of selenoxide eliminations by Fujimoto et al. [12] indi-
cated that oxygen and nitrogen substituents resulted in the preferential formation of allylic
ether, alcohol and amine products, while delocalizing groups such as cyano substituents
afforded vinylic products exclusively. They also reported that the transition states were
asynchronous, with earlier hydrogen transfer compared with retarded C-Se bond cleavage.
Schiesser and coworkers [13] performed computations that revealed that substituents on
x-arylseleno ketones had little effect on elimination rates and that the oxidation of sele-
nium was generally rate-determining in the overall process. Selenoxide eliminations of
selenocysteine derivatives were modelled by Bayse and Allison [14], who reported that
increased chain lengths in RSeCys (vs. R = Me or Ph) decreased activation energies, as
did ortho Lewis base substituents (when R = aryl) that stabilized the transition state by
electron donation to the positive selenium centre. More recently, Orian and coworkers [15]
reported a rigorous computational study, including a comparison with analogous sulfox-
ides, telluroxides and eliminations via their higher oxidation states. These researchers
found that the activation energies decreased in the order S > Se > Te in chalcogenoxide
eliminations and were higher in the selenonyl analogues compared to their selenoxides. The
facile hydration of telluroxides impeded their ability to eliminate. Furthermore, activation
energies were correlated with the basicities of the chalcogenoxide oxygen atoms and the
chalcogen—carbon bond strengths. Their research included studies of biologically relevant
selenocysteine derivatives.

In contrast with the well-known and synthetically useful selenoxide syn elimination
for the preparation of alkenes, to our knowledge, there has been no systematic computa-
tional study of related processes where either or both of the two alkene-generating carbon
atoms are replaced by heteroatoms (X and Y in 1 in Scheme 1). Several such reactions,
in addition to the alkene-forming process of selenoxide 2, are illustrated in Scheme 2 for
selenoxide analogues 3-12, which are of interest for a variety of reasons. For example,
during recent studies of selenium-catalyzed epoxidations of alkenes, it was discovered
that peroxyseleninic acids 3 decompose to the corresponding selenonium selenonate salts
13, with the concomitant evolution of dioxygen [16] (Scheme 3, path A). The vigorous
liberation of oxygen was also reported during the preparation of selenonic acids 15 in the
presence of hydrogen peroxide [17] (Scheme 3, path B). The salt 13 (R = Ph), containing
mixed oxidation states of selenium, had been previously misidentified as the selenonic
acid 14 [18], but its structure was unequivocally established by X-ray crystallography [16].
It was therefore of interest to ascertain whether or not selenoxide eliminations of peroxy
acids 3 or their selenonyl analogues 16 could be responsible for the observed formation of
oxygen, by analogy with the formation of alkenes from alkyl selenoxides 2. The oxidations
of alcohols to ketones with benzeneseleninic anhydride and its congeners have also been
reported, most likely via the elimination of seleninate ester intermediates 4 [19-21].

/7N

O H

Il |
Se /l() —> R-SeOH + X=Y
1

R7ATX

Scheme 1. Hetero-selenoxide syn eliminations.
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Typical selenoxide syn-elimination

(]

Il
R—Se-CH,CH; — > RSe-OH + CH,=CH,

2

Hetero-selenoxide syn-eliminations

i i i i
R—Se-0-OH —> RSe-OH + O, R—Se-CH,NHCR' —> RSe-OH + CH,=NCR’
3 9
2 i
R—Se-OCHR, —> RSe-OH + R',C=0 R—8Se-NR'CH,R" — > RSe-OH + R'N=CHR"
4 o 10

Il
Il R—Se-S-SH ——> RSe-OH + S,
R—Se-NHNHR' — > RSe-OH + HN=NR'

5 (diimide 6 11
-H,0 l when R' = H) fe)
Il
(I? -N, R—Se-SCHR' —> RSe-OH + R'CH=S
RSe-SO,Ar or RSe-CR" =—— [RSe-N=N-R] 12

7 8

R' = sulfonyl or acyl

Scheme 2. Examples of known and potential hetero-selenoxide syn eliminations.

A

0

[l -0,
RSeOOH — RSeOH

3

o 0

I I o HO® ]
2 RSeOOH + RSeOH ——> Rﬁeo ,SeR + RSeOH
HO
O 43 14

B

0o 0 0

Il H20, I -0z I

RﬁeOH —_— RﬁeOOH —> RSeOH — > 13
O 45 O 16

Scheme 3. (A) Formation of dioxygen by elimination of seleninic peroxy acids. (B) Formation of
dioxygen during the reaction of selenonic acids with hydrogen peroxide.

Similarly, the oxidation of hydrazines with seleninic acids or anhydrides presum-
ably involves the formation of N-(seleninyl)hydrazines 5, which afford diimide 6 when
R’ = H [22] (Scheme 2). Alternatively, in substituted hydrazines, further reaction of the
intermediate diazenes with the byproduct selenenic acid, followed by the loss of dinitrogen,
affords selenosulfonates 7 [23] or selenoesters 8 [24]. The conversion of amines and amides
to the corresponding imines via selenoxides 9 [25] or by the treatment of amines with
benzeneseleninic anhydride and related oxidants via postulated seleninamides 10 has also
been reported [26-28], as was the similar oxidation of primary amines to nitriles [26].

Furthermore, the generation of diatomic sulfur (S;) from silyl or germanyl trisulfides
was reported by Steliou, Gareau and Harpp et al. [29], who trapped it by its Diels—Alder
cycloaddition with dienes. Although the multiplicity of S, was not established, the authors
noted that the ground state of this species is a triplet, while the energy of the corresponding
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singlet state is 13 kcal mol ! higher. The possibility that diatomic sulfur could be produced
from seleninyl hydrodisulfides 11 by selenoxide elimination remains to be explored. Finally,
the similar oxidation and elimination of thioseleninates 12 (Scheme 2) was first reported
by Reich and Jasperse [30], and later by Glass et al. [31] and by us [32] as a step in the
mechanism by which the antioxidant drug ebselen catalyzes the reduction of peroxides
with sacrificial thiols, accompanied by the formation of the corresponding thioaldehyde.
In each case in Scheme 2, the unstable byproduct selenenic acid (RSeOH) undergoes
disproportionation, reduction, oxidation or reaction with nucleophiles, depending on the
specific conditions. Since the mechanisms reported for most of the reactions shown in
Scheme 2 are speculative, a computational study of these postulated hetero-selenoxide
eliminations appeared warranted. The corresponding selenonyl analogues of selenoxides 1
and their possible role in such processes have been much less studied and so were included
in this investigation. Thus, in order to gain insight into the viability of such reactions
and their kinetic and thermodynamic properties, we now report geometry optimization
and transition-state computations of a variety of hetero-syn eliminations of species of
general structure 1 and their Se(VI) analogues in both the gaseous state and in the presence
of solvents.

2. Results

In principle, if X and Y in selenoxide structure 1 are confined to C, O, N and S, then six-
teen structures are possible, along with sixteen others based on the corresponding selenonyl
analogues that can undergo known or hypothetical syn elimination processes. Table 1 in-
cludes the computed values of activation energies (AE%) and overall energy changes (AE)
for sixteen of these processes that correspond to synthetically useful or theoretically inter-
esting transformations, as summarized in Scheme 2. For consistency, ease of comparison
and simplicity of computation, all examples are based on methyseleno derivatives.

Table 1. Electronic energies in hetero-selenoxide syn eliminations #P.

(O) H 0
'n | 1
/Se\X/Y —> X=Y + Me-SeOH or Me-SeOH

Me (fromn=1) (fromn = 2)

Ent . N N AE} AEGas  AEl AE AE} AE AEt AE

4 Gas Phase Phase H,O H,0 CH,Cl, CH,Cl,; MeOH MeOH
1 1 214 49 243 7.4 23.8 7.0 242 7.3
2 2 CH  CH 30.7 -85 314 —6.0 31.3 —6.4 314 —6.1
3ed 1 o o 36.4 49 325 75 332 71 2.6 7.4
4c 2 29.1 137 287 ~129 288 ~129 287 ~129
5 1 o cH 26.6 —16 28.1 —25 27.9 23 28.1 24
6 2 2 425 167 427 192 427 187 427 ~19.1
7e 1 10.1 51 123 6.0 11.9 538 122 6.0
ge 2 NH  NH 139 114 9.9 ~119 115 ~11.8 10.1 ~118
9 1 8.2 338 10.1 5.0 9.8 48 10.1 5.0
10 2 CHy ~ NH 9.6 ~107 5.0 —92 6.2 —94 53 —9.2
1 1 238 0.6 26.4 0.6 26.0 0.6 26.3 0.6
12 2 NH  CH, 37.0 138 378 153 377 150 378 —152
13f 1 . . 43 11 37 ~16 3.8 11 37 ~15
14 2 13.1 145 123 ~139 125 —14.0 124 ~139
15 1 . cn 183 17.1 19.7 17.0 19.4 17.0 19.6 17.0
16 2 2 27.0 24 283 ~32 28.1 ~31 283 —32

Legend for Table 1.  AE} = Activation energy. ® AE = Overall change in energy between the starting material
and products in the reaction. ¢ Based on the formation of triplet O,. d These energies may be overestimated, as
rotation of the methyl group was frozen to avoid additional imaginary frequencies. ¢ Based on the formation of
trans-diimide (6). f Based on the formation of zwitterion 17.
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With respect to computations in the gaseous state, entries 1 and 2 in Table 1 correspond
to an alkyl selenoxide and selenone elimination, respectively, and are included for compari-
son. These computations indicate that the selenoxide reacts slightly endothermically, while
the selenone reacts exothermically, but with a higher activation energy. The analogous elim-
inations of the peroxyseleninic and peroxyselenonic acids are shown in entries 3 and 4. The
mechanism for dioxygen generation in the above processes was unclear, but the possibility
of a selenoxide syn elimination was adumbrated [16]. The salts 13 were the products of
protonation of the amphoteric seleninic acids 14 by the stronger selenonic acids 15, which
were in turn formed by the redox equilibration of selenium species of different oxidation
state (Scheme 3). Furthermore, while the peroxyseleninic acid in entry 3 of Table 1 reacts
with a relatively high activation energy in an endothermic process, the corresponding
peroxyselenonic acid in entry 4 has a similar activation energy (29.1 kcal mol 1) to that of
alkene formation in entry 2 (30.7 kcal mol~!) and is exothermic overall. The lower acti-
vation energy for peroxyselenonic acid (29.1 vs 36.4 kcal mol~!) and its more exothermic
reaction energy (—13.7 vs. 4.9 kcal mol~!) compared to its seleninic counterpart indicate
that the process in entry 4 is more facile than that in entry 3. These results cast doubt on the
facile liberation of dioxygen from the peroxyseleninic acids 3 at or below room temperature,
as shown in Scheme 3A, via a concerted syn elimination and suggest that further oxidation
to the selenonic species 15 and 16 may be required for this process. The more facile syn
elimination of oxygen from postulated peroxyacids 16, produced from the oxidation of
selenonic acids 15 with hydrogen peroxide, would again generate salts 13, as shown in
Scheme 3B [33].

The oxidations of alcohols with benzeneseleninic anhydride [PhSe(=0O)],O likely pro-
duce intermediate seleninate esters 4 (Scheme 2) that in turn fragment to afford aldehydes
or ketones. The results shown in entry 5 of Table 1 reveal a slightly exothermic process
with an activation energy of 26.6 kcal mol~! for the transformation of the methyl seleninate
to formaldehyde, indicating that a syn elimination is a viable mechanism for this type
of oxidation. Interestingly, the reaction of the corresponding selenonate ester (entry 6)
is more exothermic, but it is kinetically disfavoured with a higher activation energy of
42.5 kcal mol 1.

Hydrazines are readily oxidized by seleninic acids or anhydrides via the formation
of postulated seleninyl hydrazine intermediates 5, as shown in Scheme 2, followed by
their spontaneous syn elimination. Thus, the unsubstituted hydrazine (R” = H) generated
diimide 6, which was confirmed by the in situ transfer hydrogenation of cinnamic acid to
hydrocinnamic acid and azobenzene to hydrazobenzene [22]. When substituted hydrazines
were employed, the resulting azenes reacted further with the selenenic acid byproduct,
followed by the extrusion of dinitrogen to afford selenosulfonates 7 or selenoesters 8,
as shown in Scheme 2. The selenoxide elimination of intermediate 5 is characterized
by a lower activation energy and moderate reaction energy (10.1 and 5.1 kcal mol~},
respectively; Table 1, entry 7) for the formation of trans-diimide, while higher values of
11.4 and 7.0 kcal mol~! were obtained for the formation of cis-diimide. The elimination of
the selenonyl analogue of 5 was again characterized by a higher activation energy and a
significantly more exothermic reaction (entry 8).

Syn eliminations are also plausible mechanisms for the conversion of x-aminoalkyl
selenoxides to imines, as shown in Table 1, entry 9 (X = CHj, Y = NH), and in the trans-
posed seleninamide in entry 11 (X = NH, Y = CH,). Like the hydrazine in entry 7, these
systems also comprise slightly endothermic processes. However, the seleninamide reac-
tion in entry 11 possesses a considerably higher activation energy than that in entry 9
(23.8 vs. 8.2 kcal mol 1), attributed in part to the greater acidity of the amino moiety com-
pared to that of the methyl group in the proton transfer step to the basic selenoxide oxygen
atom. Again, the corresponding selenone systems in entries 10 and 12 display higher
activation energies and more exothermic reactions than their selenoxide counterparts.

The reactions of seleninyl and selenonyl hydrodisulfides are summarized in Table 1, en-
tries 13 and 14, respectively. The seleninyl compound revealed anomalous behaviour, where
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computations indicated an activation energy of 4.3 kcal mol !, which is actually lower
than that of the sum of the presumed fragmentation products (MeSeOH and S,) [34,35]
(Scheme 4). However, IRC calculations revealed that proton transfer from the hydrodisul-
fide moiety to the selenoxide oxygen atom was more advanced than cleavage of the Se-S
bond, suggesting the possible formation of zwitterion 17 instead of elimination products,
as shown in Scheme 4. Indeed, geometry optimization of 17 indicated that it has an energy
3.2 kcal mol~! lower than that of the transition state and is only 1.1 kcal mol~! higher
than the starting hydrodisulfide (Figure 1A). This can be attributed to the considerably
higher acidity of the S-5-H moiety (pKa 6-7 [36]) compared to the 3-hydrogens (C-H, O-H
or N-H) of the other starting materials in Table 1, which facilitates proton transfer. Further
evidence for the formation of 17 stems from a comparison of key interatomic distances in
the transition state and products (Table 2; vide infra). Thus, it appears that in the case of
the seleninyl hydrodisulfide, the proton transfer leads to a discrete zwitterion intermediate
instead of to a merely asynchronous concerted elimination. This was confirmed by the
corresponding IRC computation.

N\ /H
I | D @ | o zwﬁterlon favoured yvhen
Me’se‘X/Y Me’se\x/Y 3-Y-H is a strong acid and
O is a strong base (selenoxide)

17 XY =S
X\
(6] H O,H concerted reaction favoured
Se /O — ¥ when $-Y-H is a weak acid
Me™(_, "X Me/Se X//Y and/or O is a weak base (selenone)
X,Y=C,0O,N

Scheme 4. Zwitterion formation and concerted elimination reactions of hetero-selenoxides.

A "
Transiton MeSeOH + S,
state 55
_ .
(kcal mol™) o
?
SeCi) /S@
S
17
B
Transition
state
E
(kcal mol™)

-14.5

Figure 1. Activation and reaction energies (kcal mol 1} for seleninyl (A) and selenonyl (B) hydrodisul-

fides in the gaseous state.
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Table 2. Key interatomic distances (A) in starting materials and transition states in the gaseous state 2.

a

[r D ':‘ H '[ij"' - ‘f |\
In Qe |
ISE'“ ,Y - E.‘_ ,:/Y
Me~ K Me X
Starting Material Transition State
Entry n,X,Y X-Se X-Y H-OSe H-Y Se=0 X-Se X-Y H-OSe H-Y Se=0
1 1,C,C 2.005 1.521 2.492 1.093 1.651 2.481 1.415 1.278 1.334 1.707
1.618 1.689
b ’ ’
2 2,C,C 1.966 1.524 2.995 1.091 1618 2.513 1.415 1.384 1.278 1.629
3 1,0,0 1.858 1.443 2.332 0.975 1.630 1.824 1.426 1.180 1.298 1.999
1.605, 1.707,
4 2,0,0 1.831 1.446 2.744 0.971 1.600 2.055 1.337 1.103 1.376 1615
5 1,0,CH2 1.818 1.435 2.420 1.093 1.629 2.283 1.308 1.310 1.300 1.685
1.607, 1.621
b ’ ’
6 2,0,CH2 1.775 1.446 2.950 1.092 1.607 2.237 1.317 1.370 1.278 1.682
7 1, NH, NH 1.940 1.418 2.190 1.027 1.647 2.499 1.314 1.334 1.180 1.708
1.613 1.677
C 4 7
8 2, NH, NH 1.883 1.414 2.425 1.014 1617 2.581 1.292 1.700 1.059 1.633
9 1,CH2, NH 2.074 1.421 2214 1.023 1.660 2.530 1.335 1.341 1.181 1.715
1.622, 1.682,
10 2,CH2, NH 2.029 1.420 3.006 1.014 1.622 2.641 1.320 1.632 1.072 1634
11 1,NH, CH2 1.885 1.475 2.554 1.096 1.642 2.370 1.370 1.310 1.303 1.693
1.613 1.684
d ’ 7
12 2, NH, CH2 1.840 1.474 2.870 1.093 1612 2.370 1.371 1.372 1.281 1.628
13 1,5,S 2.371 2.086 3.142 1.352 1.636 2.338 2.094 1.328 1.555 1.684
1.612, 1.677,
14 2,5,S 2.324 2.086 3.262 1.352 1612 2.290 2.105 1.243 1.634 1.607
15 1,5, CH2 2.330 1.830 2.190 1.096 1.642 2.631 1.699 1.182 1.417 1.710
1.617, 1.697,
16 2,5, CH2 2.279 1.837 2.356 1.090 1.610 2.576 1.705 1.247 1.375 1.620

Legend for Table 2. ® When the hydrogen source contains several hydrogen atoms, the H-Y distance is listed for
the closest hydrogen to the Se=O oxygen. P The two respective Y-H---O=Se distances were equal. ¢ The H-bonded
(Y)NH———OD=Se distance is indicated; the shortest (X)NH---O=Se distance was 2.683 A.4The (X)NH---O=Se distance
was 2.613 A.

In contrast, the selenonyl hydrodisulfide provided a calculated exothermic reaction
energy of —14.5 kcal mol~! and a higher activation energy of 13.1 kcal mol~1, in contrast
to the seleninyl derivative (Table 1, entry 14). Moreover, the energy of the corresponding
zwitterion product 18 was 20.2 kcal mol~! higher in energy than that of its syn elimination
products (Figure 1B). Since the selenonyl hydrodisulfide is expected to be even more acidic
than the corresponding selenoxide hydrodisulfide, we attribute the difference in behaviour,
at least in part, to the lower basicity of the selenone oxygen atom [37,38] and the weaker
Se-S bond when the selenium atom is in a higher oxidation state. In entry 14, the S, product
was assumed to be in the triplet ground state [35], but even if the less stable singlet state
was formed, the products would still be lower in energy than the zwitterion. It therefore
appears that in this case, syn elimination would be the preferred pathway.

Finally, the thioseleninate and thioselenonate in Table 1, entries 15 and 16, displayed
activation energies of 18.3 and 27.0 kcal mol~!, respectively, which are slightly lower
than those in entries 1 and 2. The former compound also provided the most endothermic
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elimination in Table 1, with a reaction energy of 17.1 kcal mol . This can be attributed to
the instability of both the thioformaldehyde and selenenic acid products.

The results shown in Table 1 also include solvent effects from water, dichloromethane
and methanol. In the case of the conventional selenoxide elimination (n =1, X,Y = CH,)
and its selenone counterpart (entries 1 and 2), both the activation and overall energies
increased in the presence of the solvents, indicating that solvation stabilized the starting
materials more strongly than the corresponding transition states and products. The same
was noted for entries 7 and 9. The solvents lowered the activation energies in entries 3, 4, 8,
10, 13 and 14, relative to their gaseous states, and raised them in the remaining entries 5, 6,
11,12, 15 and 16. The overall changes in energy were rendered more exothermic or were
insignificant in the presence of the solvents in the latter entries.

The overall results of the gas-state computations are summarized in Figures 2 and 3,
illustrating the reaction energies (AE) and activation energies (AEY) for the processes in
Table 1. It is striking that all of the selenonyl eliminations are exothermic, while their
selenoxide counterparts are endothermic, except in the case of the methyl seleninate
(n=1,X=0,Y = CHp). On the other hand, activation energies are higher for selenones
compared to selenoxides, except for the peroxides (X,Y = O). Thus, in general, the concerted
eliminations of selenoxides are kinetically favoured over the corresponding selenone
eliminations, while the opposite is true for their overall thermodynamic outcomes.

Key bond lengths and interatomic distances in starting materials and transition states
are provided in Table 2. As expected, the transition states typically show elongation of the
X-Se and proton-accepting Se=0O bonds, contraction of the X-Y bond and the partial transfer
of H from Y to O. However, in entries 3, 13 and 14 of Table 2, the X-Se bond is actually
slightly shorter in the transition state than in the starting material, while the S-S bond in
entries 13 and 14 is slightly longer. Furthermore, the H---O=Se separation shows a dramatic
decrease from 3.142 A to 1.328 A for the selenoxide in entry 13 and from 3.262 A to 1.243 A
for the selenone in entry 14. Hydrogen migration in the transition state is indicated by the
relative H---O=Se and H---Y distances and is most advanced (closer to O=Se than to Y)
in entries 1, 3, 4 and 13-16. An asynchronous concerted reaction, as noted earlier for the
alkene-forming selenoxide elimination in entry 1 [12], is also postulated for the selenonyl
hydrodisulfide; however, the formation of a discrete zwitterion intermediate is ruled out
on the basis of its thermodynamic instability.

20
15

10

5

AE (kcal/mol)

-10
-15

-20
CH2,CH2 0,0 O,CH2 NH,NH CH2,NH NH,CH2 S,S S,CH2
XY
Hn=1 WMn=2

Figure 2. Reaction energies AE for heteroatom selenoxide and selenone syn eliminations in the

gaseous state. All results represent concerted syn eliminations, except for the seleninyl hydrodisulfide
(n=1,X)Y =5), where the product is zwitterion 17.
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Figure 3. Activation energies AE? for heteroatom selenoxide and selenone syn eliminations in the
gaseous state. All results represent concerted syn eliminations, except for the seleninyl hydrodisulfide
(n=1,X)Y =5), where the product is zwitterion 17.

The thermochemical values of AG, AH and AS for the conversion of starting materials
to transition states and final products are provided in Table S1 on p. 17 of the Supporting
Information. All reactions were exothermic, except for the formation of zwitterion 17
in entry 13 and the elimination of the thioseleninate in entry 15, which were slightly
endothermic. Electron densities in transition states were calculated with Mulliken electron
charges by summing and comparing the charges for the XY and seleninic or selenonic acid
components. The results are shown in Table S2 on p. 17 of the Supporting Information,
which revealed that electron density [39] resides preferentially on the XY component of the
transition states, except in the syn elimination of ethyl methyl selenoxide in entry 1, where
both components were essentially neutral.

3. Methods

Computations were performed using the DFT B3LYP platform in Gaussian 2016 [40].
A mixed basis set was employed, using 6-311G(d,p) for C, H, N, O and S, and the cc-pVTZ
triple zeta variation of Dunning’s correlation-consistent basis set for Se [41]. Transition-state
energies were computed by means of the Berny algorithm. All transition states except for
the hydroperoxide in Table 1, entry 3, resulted in single imaginary frequencies involving
hydrogen migration and partial cleavage of the X-Se bond, while geometry optimizations
of products and starting materials showed no imaginary frequencies. IRC computations
were performed on all transition states (forward and backward pathways), resulting in
agreement with the original geometry optimizations, except in the case of the hydroperoxide
in entry 3 [42]. Enthalpies of the reactions were calculated as the difference in the sums of
the electronic and thermal enthalpies of the products and reactants. Gibbs free energies
of the reactions were calculated similarly, using the sums of electronic and thermal free
energies. Computations were performed on the Advanced Research Computing (ARC)
computer cluster at the University of Calgary.

4. Conclusions and Summary

Figures 2 and 3 clearly show that in all cases except for the peroxy species (entries
3 and 4 in Table 1), the selenoxide eliminations in the gas state produced significantly
lower activation energies than their selenonyl analogues. Furthermore, all of the selenoxide
reactions, except for the seleninate ester in entry 5 in Table 1, were endothermic, while
all of the selenone eliminations were exothermic. These observations are parallel to those
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made by Orian et al. [15] in the syn eliminations of oxidized selenocysteine and related
compounds. The asynchronous nature of the alkyl selenoxide eliminations that was noted
previously by Fujimoto et al. [12] applies similarly to the heteroatom-substituted systems
in the present work, where proton transfer from Y to O in the transition states advances
more rapidly than X-Se cleavage. In the extreme case of the seleninyl hydrodisulfide in
entry 13 of Table 1, facile proton transfer produces a discrete intermediate in the form of
zwitterion 17, instead of the concerted fragmentation to MeSeOH and S,. Solvent effects
varied considerably in the examples in Table 1, increasing activation energies in some
instances and decreasing them in others, attributed to the preferential solvation of starting
materials and transition states, respectively. Enthalpies, entropies and free energies were
also obtained, and AG values indicated exothermic reactions for all examples except entries
13 and 15, which were slightly endothermic. Most of the selenoxide eliminations in Table 1
have been little studied, except for entry 1, while their selenonyl counterparts remain
virtually unexplored. In a more general sense, these results demonstrate that several
extensions of the classical olefin-forming selenoxide elimination to systems containing
heteroatoms instead of simple alkyl substituents are kinetically and thermodynamically
viable, except where acidic hydrogens are transferred to strongly polarized Se=O bonds,
resulting in the initial formation of discrete zwitterion intermediates.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/molecules29204915/s1: Energies, Z-coordinates, numbers
of imaginary frequencies and depictions of optimized structures of starting materials (pp. 2-8),
transition states (pp. 9-15) and zwitterion products (p. 15), along with overall free energies and free
energies of activation (Thermochemistry, Table S1, p. 17); electron densities in transition states (Table
52, p. 18).
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Abstract: Hydrogen selenide (H;Se) is an emerging biomolecule of interest with similar properties
to that of other gaseous signaling molecules (i.e., gasotransmitters that include nitric oxide, carbon
monoxide, and hydrogen sulfide). H,Se is enzymatically generated in humans where it serves as
a key metabolic intermediate in the production of selenoproteins and other selenium-containing
biomolecules. However, beyond its participation in biosynthetic pathways, its involvement in cellular
signaling or other biological mechanisms remains unclear. To uncover its true biological significance,
H,Se-specific chemical tools capable of functioning under physiological conditions are required
but lacking in comparison to those that exist for other gasotransmitters. Recently, researchers have
begun to fill this unmet need by developing new HjSe-releasing compounds, along with pioneering
methods for selenide detection and quantification. In combination, the chemical tools highlighted
in this review have the potential to spark groundbreaking explorations into the chemical biology of
H;Se, which may lead to its branding as the fourth official gasotransmitter.

Keywords: gasotransmitters; signaling; donors; sensors; hydrogen selenide; HySe

1. Introduction

The discovery of elemental selenium can be traced back to a Swedish sulfuric acid
plant in the early 19th Century where chemist Jons Jakob Berzelius first observed a reddish-
brown sediment in the acid being produced there [1]. Berzelius initially mistook this new
substance for tellurium due to its odor and appearance. Famed for his advancement of
modern chemical notation, the principle of stoichiometry, and the determination of atomic
weights of most known elements at the time, Berzelius chemically compared the red-brown
byproduct with a known sample of tellurium and determined that the two were, in fact,
different elements with the new substance having the properties of a metal combined with
that of sulfur. In the words of Berzelius, he had discovered “a new kind of sulfur”.

Today, selenium is regarded as an essential micronutrient that is acquired through
dietary means with an optimal daily dose of 55 pg for adults [2]. There are at least
25 selenoproteins [3-5], many of which play a central role in cellular redox homeostasis,
including glutathione peroxidases (GPx) and thioredoxin reductases (TrxR), and require
dietary selenium for their production. Low selenium levels in humans are associated with
a myriad of illnesses [6-9]. Keshan Disease [10,11], a potentially fatal form of cardiomy-
opathy, is primarily observed in selenium-deficient regions in China. The same is true
for Kashin-Beck Disease [12,13], a chronic joint disease predominantly found in parts of
the world where selenium is scarce. Weakened immune function [14,15], cardiovascular
diseases [16,17], and certain cancers [18-21] are also strongly associated with selenium
deficiency. These correlative studies suggest that the role of selenium in human health and
biology could extend beyond its incorporation into selenium-containing proteins and point
towards its possible involvement in other cellular processes.
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In terms of its chemistry, selenium, like sulfur, can exist in numerous oxidation states,
including selenate (SeO42~, +6), selenite (SeO32~, +4), and selenide (Se?>~, —2) [22]. Se-
lenide, the most reduced form of selenium, is the heavier chalcogen counterpart to sulfide
(S%7). Both sulfide and selenide exist in different protonation states, dependent on environ-
mental pH, with the fully protonated forms of both—hydrogen sulfide (HyS, pK,1: 6.9) [23]
and hydrogen selenide (H;Se, pK,i: 3.9) [24]—being formerly dismissed as highly toxic
gases with little biological relevance [25,26]. However, in the case of hydrogen sulfide, this
malodorous gas has recently experienced a rebirth as an important, endogenous signaling
molecule (or gasotransmitter) in mammals [27-30].

H,S is primarily produced by three principal enzymes—cystathionine (3-synthase
(CBS) [31], cystathionine y-lyase (CSE) [32], and 3-mercaptopyruvate sulfur transferase
(3-MST) [33]—providing exquisite control over its production. As such, endogenous H;S is
known to be involved in numerous signaling processes throughout the body, including the
brain and central nervous system [34,35], and within specific cellular compartments (i.e.,
mitochondria) [36,37]. Much of what is known about H,S pharmacology stems from the
advent of donor compounds, synthetic small molecules designed to slowly liberate H,S in
a controlled fashion that mimics its natural biosynthesis, and the use of said compounds in
various cellular and animal models of disease [38—41].

Alongside nitric oxide (NO) and carbon monoxide (CO), hydrogen sulfide is the
most recent, widely recognized member of the gasotransmitter family [42-44]. Its in-
clusion was suggested in the early 2000s and was based on five key observations [45].
Namely, H,S is (i) a small molecule gas that (ii) freely permeates cellular membranes. It is
(iii) endogenously and enzymatically generated, with (iv) well-defined biological functions
that stem from its (v) action at specific cellular targets.

It is interesting to note that HySe (Predominantly HSe™ at physiological pH) already
checks several of these boxes. It exists as a lipophilic gas in its diprotic form and is expressed
enzymatically in mammals where it serves as a key intermediate in the production of
selenium-containing biomolecules (Figure 1) [46]. HySe was shown to act on at least some
protein targets, including inhibition of cytochrome ¢ oxidase, which modulates aerobic
respiration [46,47]. Moreover, it is the reduced selenide form of selenium, and not the
often administrated selenite (or other oxidized forms), that is believed to be responsible
for the observed biological activity of selenium, including its anticancer effects and noted
protection against myocardial ischemia reperfusion injury [48-50].
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Figure 1. A simplified schematic of H,Se production in mammalian systems. Glutathione (GSH),
glutathione disulfide (GSSG), glutaredoxin (Grx), glutathione reductase (GR), thioredoxin (Trx), thiore-
doxin reductase (TrxR), transsulfuration pathway (TSP), selenocysteine lyase (SCLY), selenophosphate

NH,
Selenomethionine

lTSP
S
W o)
HOJ]\_ASeH
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synthetase (SPS), and selenocysteine synthase (SecS).
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Still, compared to HyS, very little is known about the (patho)physiological effects of
HjSe. This is due, at least in part, to a lack of refined donor compounds that can increase
the bioavailability of selenide and be used to effectively modulate cellular concentrations.
We and others have begun to fill this unmet need by developing new Hj;Se-releasing
compounds, which we will highlight below, along with current methods for selenide
detection and quantification. In combination, the chemical tools outlined in this review
have the potential to serve as invaluable exploratory tools for uncovering H,Se biology
and its potential in medicine.

2. Chemical Tools for H,Se Donation
2.1. Selenotrisulfides

A key intermediate in the biosynthesis of HySe is believed to be glutathione se-
lenotrisulfide (GSSeSG), which forms in vitro from the reduction of selenite with four
equivalents of glutathione (GSH) [51-53]. While the isolation of GSSeSG is difficult due to
its chemical instability, the reduction of selenite is not specific to GSH, meaning the prepa-
ration and evaluation of alternative selenotrisulfides (RSSeSR) as potential HySe-donating
motifs could be a viable option (Figure 2A).

(A) GSH
Grx/GR
Trx/TrxR
RSSeSR —————>,

(B) HSA-SSeSR T——>»
HSA-SH + RSSeSR ———> +
RSH Peripheral Delivery

Figure 2. (A) Selenotrisulfides as H,Se donors. (B) Peripheral delivery of H,Se via human serum
albumin. Glutathione (GSH), glutaredoxin (Grx), glutathione reductase (GR), thioredoxin (Trx),
thioredoxin reductase (TrxR), and human serum albumin (HSA).

In a pioneering study by Nakayama and co-workers, the more robust penicillamine
selenotrisulfide (PenSSeSPen) was prepared, which is isolable due to increased steric
bulk near the S-Se-S motif, and its bioavailability was compared with that of selenite, an
established dietary source of selenium, in Se-deficient mice [54]. Following oral admin-
istration, the selenium content in selected organs was quantified fluorometrically using
2,3-diaminonaphthalene. Similar to selenite-treated mice, the administration of PenSS-
eSPen led to a significant increase in selenium in the heart, liver and blood. Additionally,
PenSSeSPen-fed mice exhibited similar GPx activity to that of selenite-fed mice, indicating
that the selenium content from PenSSeSPen was available for selenoprotein production.

In a later study by Nakayama, it was proposed that human serum albumin (HSA),
the most abundant plasma protein, serves as a selenium carrier via a selenotrisulfide
linkage that enables it to distribute selenide to peripheral tissues and organs throughout
the body [55]. The authors observed that treatment of red blood cells (RBCs) with selenite
led to selenium efflux that was dependent on HSA concentration. Moreover, pretreatment
of HSA with iodoacetamide, a thiol-blocking agent, appeared to inhibit selenium transfer
from RBCs to HSA, confirming that the thiol functional group on HSA played a key role
in the transfer event. When selenium-bound HSA was treated with penicillamine (Pen),
selenotrisulfide PenSSeSPen was produced. Additionally, the same PenSSeSPen product
was formed when the selenium efflux experiment was conducted in the presence of Pen
rather than HSA. These observations led to the conclusion that selenium is likely to be
exported from RBCs as a selenotrisulfide (RSSeSR), which forms from the reaction between
selenite and an RBC thiol. The ensuing selenotrisulfide then binds to HSA via a thiol
exchange reaction, enabling the transport of selenium throughout the body (Figure 2B).

In a very recent study by Wang, Xu, Xie, and co-workers, it was reported that a stable
selenotrisulfide (AcidSSeSAcid) could be formed by treating 2-mercaptoacetic acid with
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selenium dioxide [56]. However, when the same reaction was run with 2-mercaptoethanol,
the resultant selenotrisulfide (HydSSeSHyd) behaved more like G55eSG and proved diffi-
cult to characterize. Thus, only the reactivity of the more robust AcidSSeSAcid was assessed
further in the presence of glutathione. Using ESI-MS, the byproducts of this reaction were
found to be GSSG, AcidSH, AcidSSeSG, AcidSSG, and AcidSSeH, providing some indirect
evidence of glutathione-promoted H;Se release. At the outset of this study, the authors
hypothesized that HSe might function as an “H,S disguiser” and thereby assist in over-
coming HyS-indcued antibiotic resistance. This theory was tested with AcidSSeSAcid in an
H,S-induced antibiotic-resistant MRSA model (MRSAS*). While the antibiotic gentamicin
alone proved ineffective against MRSAS* it, in combination with AcidSSeSAcid, displayed
impressive bactericidal activity. The authors attributed this reduction in antibiotic resistance
to the release of H,Se, which increases bacterial membrane permeability and reactivates
bacterial respiratory flux.

Although the direct liberation of HySe was not confirmed in any of these studies with
trapping experiments, they do underscore the biological relevance of the RSSeSR motif
and its likely ability to function as an endogenous selenide delivery agent. The general
instability of this framework, however, may limit its overall utility as an exogenous source
of H;Se, as the ability to generate a large library of selenotrisulfides with tunable rates of
release could prove difficult. Thus, the search continues for alternative frameworks with
the potential to supply selenide in a controlled and sustained fashion.

2.2. Selenide Salts

Logically, many H;Se donors were inspired by previously reported HyS-releasing
compounds. To this end, selenide salts, which serve as a convenient HySe equivalent in
buffer, were examined for convenience [47,50,57], drawing parallels to sulfide salts being
used in initial studies aimed at exploring H,S chemical biology [58].

Using sodium hydroselenide (NaHSe), the Dyson group was among the first to explore
in detail the pharmacology and therapeutic utility of H,Se [47]. Given its instability and
absence of a reliable commercial source, the group elected to generate NaHSe in-house
by reducing elemental selenium with an aqueous solution of sodium borohydride [59].
Once in hand, they evaluated the metabolic effects of NaHSe ex vivo using dissected rat
soleus muscle and homogenized liver tissue. In these models, NaHSe was shown to inhibit
oxygen consumption in a concentration-dependent manner, albeit to a lesser extent than
sodium hydrosulfide (NaHS) and potassium cyanide (KCN), which were used as positive
controls. The authors also investigated the mechanism of inhibition of O, consumption
and found its inhibition of cytochrome C oxidase to be a likely candidate, similar to NaHS.

The influence of NaHSe on selenoprotein expression in HepG2 (human hepatocyte)
cells was also inspected [47]. Using a Western blot analysis, a significant increase in
the production of glutathione peroxidase-1 (GPx-1) was observed upon treatment with
NaHSe. Interestingly, the addition of selenite (SeO32~), a common dietary source of
selenium, had the opposite effect with a notable reduction in GPx-1 expression compared
to nontreated controls. Moreover, the Dyson group also demonstrated that the addition of
DL-propargylglycine (PAG), an established CSE inhibitor, led to significant reductions in
both GPx-1 and thioredoxin reductase-1 (TrxR), presumably due to its inhibition of the H,Se
producing enzyme selenocysteine lyase (SCLY, Figure 1). However, the expression of both
proteins was restored by the addition of exogenous NaHSe, suggesting that endogenous
selenoprotein expression can be regulated by HySe administration.

The therapeutic value of H,Se supplementation was also examined in HepG2 cells
exposed to hydrogen peroxide (H,O,) insult [47]. Indeed, incubation with NaHSe (0.3 and
1 uM) for 1 h conferred cellular protection in a dose-dependent manner. The authors noted
that multiple mechanisms could be in play to account for the improved ROS management
by NaHSe-treated cells, including its direct ROS scavenging, its functioning as a metabolic
modulator, and/or its serving as the catalytic component of antioxidant selenoproteins.
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Finally, the in vivo pharmacological effects of NaHSe were also investigated in this
study [47]. Anesthetized rats were given an escalated dose of 0.01 mg/kg to 10 mg/kg of
selenide. Both blood pressure and heart rate decreased notably at the highest dose level but,
overall, cardiac output remained relatively unaffected. The authors also noted significant
hyperlactatemia (inhibition of oxidative phosphorylation) at the highest dose of NaHSe.

To date, this remains one of the most comprehensive studies, detailing the chemical
biology and pharmacological effects of HSe [47]. Still, a severe limitation, even noted by
the authors, was the use of NaHSe as an H,Se source. As cited above, the use of selenide
salts is analogous to early work on HyS which employed sulfide salts as a convenient
method for H,S delivery. Their use, however, creates a bolus effect that poorly mimics
the endogenic production of H,S. The same is likely true for the use of selenide salts as a
research tool for examining the pharmacology and medicinal value of H,Se. Thus, refined
selenium-containing compounds with suitable pharmacokinetics and exquisite control over
their selenide release are highly desirable and early attempts to access such compounds are
summarized below.

2.3. Selenoanhydrides

Selenoanhydrides were among the first small molecules assessed for their ability to de-
liver selenide in a controlled fashion and in response to biologically pertinent molecules [60].
Dominguez-Alvarez and co-workers reported on the impressive anticancer effects of se-
lenoanhydride R-Se (Figure 3A) in earlier studies and suspected it might be due to its
release of HySe [61-63]. To examine this, they monitored the fragmentation pattern of
R-Se in a 50% methanol/water solution. Under electrospray ionization conditions (ESI),
initial attack by methanol led to the observed fragmentation products with the loss of HySe
(Figure 3B). Moreover, the addition of Na,S appeared to amplify the decomposition of the
donor with selenium-containing fragments being observed but with a significantly lower
abundance. While experimental conditions were not biologically relevant, this simple
ESI-MS analysis did provide some insight into the propensity of selenoanhydrides to expel
selenide upon nucleophilic exposure.
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Figure 3. (A) Chalcogen anhydrides (R-Se, R-S, and R-O) under examination; (B) Proposed fragmen-
tation pattern for R-Se in 50% methanol /water under ESI conditions.

The reducing capacity of R-Se and related chalcogens (R-S and R-O, Figure 3A) was
assessed using cPTIO, a nitric oxide radical scavenger [60]. The authors noted that the
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addition of H;S potentiated the radical scavenging ability of R-Se and R-S (albeit to a lesser
extent) but not R-O. The same trend was observed with the antioxidant glutathione (GSH).
While the addition of GSH alone did not effectively quench cPTIO, it in combination with
R-Se was found to significantly reduce cPTIO radicals. Similar results were obtained with
superoxide (O,°7). Using BMPO as an EPR spin trap reagent, the authors found that
H,S/R-Se and H,S/R-S (but not HyS/R-O) could effectively scavenge BMPO-OOH/OH
adducts and, perhaps, O,°~ directly.

In total, these observations indicate that the reducing potency of thiols (i.e., GSH and
H,S) are significantly boosted upon their interaction with R-Se (and to a lesser extent R-S),
which is likely to liberate reactive selenium (or sulfur) species, including hydrogen selenide.
Although these studies never provided any direct evidence of H;Se release from R-Se, the
radical scavenging activity of this purported donor provides a strong indication.

2.4. P=Se Motifs

With inspiration from GYY4137, an early and extensively studied H,S donor that
gradually decomposes to release H,S via P=S bond cleavage [64], Pluth and co-workers
developed an analogous HySe donor, TDN1042, that delivered selenide (H,S/H;Se™) via
a similar hydrolytic pathway (Figure 4) [65]. Synthetically, TD1042 was accessed upon
treatment of Woollins’ reagent with excess morpholine, akin to the preparation of GYY4137.

Se o 0]
||_ @ ||—
Q? SeH,N 0 _H0 Q? SeH _H,0
O T S O O
0 0
TDN1042 ’ '

Ot o,
: Oron
OH
(0] 7\ phenylphosphonic acid
o)

Figure 4. Proposed hydrolytic pathway of TDN1042, which results in the release of two equivalents
of H,Se and the formation of phenylphosphonic acid.

Once prepared and structurally characterized by NMR and single crystal X-ray diffrac-
tion, H,Se release from TDN1042 in wet DMSO was evaluated using 3! P NMR spectroscopy.
These studies revealed the clean conversation of TD1042 to phenylphosphonic acid, as
expected (Figure 4). This clean transformation to phenylphosphonic acid was also observed
in citrate buffer (pH 3.0 to 6.0), with higher rates of release occurring at more acidic pH
values, which is consistent with a hydrolysis-based mechanism.

The authors also confirmed the direct liberation of H,Se from TD1042, a key experi-
ment that was omitted from previous reports of H,Se donating motifs. To accomplish this,
an aqueous solution of TD1042 was acidified with HCl and sparged with Nj to assist in
volatilizing any released H;Se into the vial headspace where it was then bubbled through
a separate trapping solution of dinitrofluorobenzene (DNFB). Using HPLC, Pluth and
co-workers observed the formation of both di(2,4-dinitrophenyl) selenide ((DNP),Se) and
the related diselenide ((DNP),Se;) in the trapping solution.

In a later study, the Pluth group sought to augment the rate of H,Se donation from this
platform through the introduction of cyclic-PSe donors [66]. To accomplish this, Woollins’
reagent was treated with various ortho-substituted phenols to generate a small library of
donors with a single P=Se motif (Cat-PSe, 2AP-PSe, and NMe2AP-PSe, Figure 5A).
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Figure 5. (A) Cyclic-PSe donors arranged in order of decreasing rates of hydrolysis; (B) Proposed
hydrolytic pathway of cyclic-PSe donors, which results in the release of one equivalent of H;Se and
the formation of phenylphosphonic acid.

By introducing a second electronegative heteroatom (i.e., oxygen or nitrogen), it was
suspected that the rate of hydrolysis would increase due to the enhanced electrophilic
character of the phosphorous center. This was confirmed by >'P NMR, which was used to
monitor donor hydrolysis in PIPES buffer (pH 7.4). Like TD1042, cyclic-PSe compounds
were found to release selenide while cleanly forming phenylphosphonic acid as a byproduct
(Figure 5B). However, unlike TD1042, these donors were shown to operate at neutral pH
due to their enhanced hydrolytic lability. The rates of hydrolysis among cyclic-PSe donors
varied significantly with Cat-PSe displaying the slowest rate of hydrolysis and 2AP-PSe
hydrolyzing the quickest. This result was somewhat unexpected and suggests that factors
other than electronic effects influence the rates of hydrolysis.

Cell permeability studies were also conducted using time-of-flight secondary ion mass
spectrometry (TOF-SIMS). A dose-dependent increase in intracellular selenium levels was
observed in HeLa cells with increasing concentrations of 2AP-PSe, the most efficient H,Se
donor identified in this study.

The in cellulo antioxidant activity of 2AP-PSe was also assessed. When live HeLa
cells were treated with exogenous H,O; (500 uM) and peroxide sensor DCFH-DA, a signifi-
cant fluorescence response was observed due to the formation of 2/,7'-dichlorofluorescein
(DCF) [67]. However, when cells were first pre-treated with 2AP-PSe (5-25 uM) a notable
decrease in ROS-generated fluorescence was observed. Due to the instability of H,Se, the
authors stress that the observed effects are unlikely due to the buildup of H;Se, but rather
an increase in selenocompounds (likely antioxidant proteins) that effectively scavenge ROS.

2.5. Selenocarbonyls

In a comprehensive study by Yi and co-workers, both selenocyclopropenones and
arylselenoamides were found to provide highly tunable rates of H,Se delivery in the
presence of supraphysiological concentrations of cysteine [68].

Initially, the authors generated a selenium analogue of Michler’s ketone but found that
it quickly hydrolyzed in a buffer, producing a red residue (Se”), presumably due to its rapid
discharge of selenide (Figure 6A). Searching for a selenocarbonyl with a more tractable
HjSe-releasing profile, selenocyclopropenones were then investigated. A small library
was generated by treating the corresponding ketone with Woollins’ reagent (Figure 6B).
Compound 1 was chosen for initial studies, evaluating its reactivity and selectivity as a
selenide donor. HPLC analysis confirmed that 1 was stable in a 50% PBS/CH3CN (pH 7.4)
mixture. The introduction of cysteine (2-10 mM), however, led to the expulsion of selenide
and the subsequent formation of a red solid (SeY). This was further corroborated by an
H;Se-selective gas detector. Donors 2 and 3, with electron-withdrawing substituents at the
para position, were found to liberate even more H;Se than 1 in the presence of cysteine,
implying that the rates of donation from this platform can be easily tuned via simple
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structural modifications that alter the electrophilicity of the selenocarbonyl. The reaction
between 1 and cysteine was further scrutinized by high-resolution mass spectrometry
(HRMS) and identifiable byproducts were uncovered. Based on these observations, a
mechanism for cys/thiol-triggered HjSe release from selenocyclopropenones was put
forward by the authors (Figure 6B).
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Figure 6. (A) Rapid hydrolysis of SelenoMichler’s ketone generates HySe in PBS (pH 7.4).
(B) Proposed mechanism for cysteine/thiol-triggered H,Se donation from selenocyclopropenones.
(C) Proposed mechanism for cysteine-triggered H,Se donation from arylselenoamides.

Aryl thioamides were previously shown to function as an advantageous platform for
the controlled delivery of H,S under biologically relevant conditions [69-71]. Yi and co-
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workers suspected that selenoanalogues would provide an avenue for H;Se donation under
similar conditions (Figure 6C) [68]. To test their hypothesis, a small library of selenoamides
was generated by treating benzamide derivatives with Woollins’ reagent or by subjecting
4-hydroxybenzonitrile to a mixture of selenium powder and NaBH,. Selenobenzamide
(4) was shown to be stable in PBS (pH 7.4), but the addition of cysteine led to the formation
of red Se. This was further substantiated with an H,Se gas detector. As expected, the
rate of H,Se release from 4 was found to be significantly slower than 1. However, it
was noted that the selenoamide platform could be structurally modified to alter reaction
kinetics. For example, the introduction of an electron-donating hydroxyl group at the para
position on the phenyl ring (5, Figure 6C) appeared to amplify the speed of selenide release.
However, when the hydroxyl group was converted to a methyl ester (6, Figure 6C), its
donating efficiency diminished somewhat, even relative to 4. On the other hand, amide
N-alkylation (7, Figure 6C) was shown to suppress the rate of selenide delivery even further.
HPLC analysis and DFT calculations were used to establish a mechanism for cysteine-
triggered HySe donation (Figure 6C). This proposed pathway aligns with the observation
that treatment of arylselenoamides with other thiols that lack a nucleophilic amine (i.e.,
N-acetylcysteine, glutathione, and -mercaptoethanol) fail to generate HjSe.

2.6. Selenocarbamates

Caged thiocarbamates have offered a reliable avenue for H;S delivery (Figure 7A).
They also provide an opportunity to selectivity tune the release of H,S to a specific biological
trigger (i.e., ROS [72-76], light [77,78], pH [79,80], and enzymes [81,82]). However, the
production of HyS from this donor class is multi-layered, with the triggering event causing
the donor to undergo a self-immolating process that first generates carbonyl sulfide (COS)
prior to its quick conversation to HyS by the ubiquitous enzyme carbonic anhydrase
(Figure 7A) [83].
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Figure 7. (A) General strategy for generating stimuli-responsive COS/Hj;S donors. (B) Proposed
mechanism for the direct release of H,Se from PhotoSeCM upon irradiation at 365 nm. (C) Con-
trol compound used to highlight the stability of -ketoselenocarbamates in water. (D) Proposed
mechanism for the direct release of H;Se from -y-ketoselenocarbamates containing a deprotonatable
hydrogen at the 3 position.
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Continuing with the common theme of prior HS-releasing motifs laying the foun-
dation for HySe donor development, Pluth and co-workers were curious whether this
framework could be reengineered to release COSe, providing a new means for the con-
trolled delivery of selenide [84]. To test their hypothesis, the authors treated p-fluorophenyl
isoselenocyanate with 2-nitrobenzyl alcohol in the presence of NaH to generate light-
activated PhotoSeCM (Figure 7B). To analyze product formation upon photoactivation,
the authors used 'F NMR to streamline the process. Using this method, consumption of
PhotoSeCM (—117 ppm) was confirmed but the expected p-fluoroaniline product (due to
COSe release) at —130 ppm was not observed. Instead, a signal matching p-fluoroisocyanate
was detected, suggesting the direct liberation of selenide rather than COSe serving as an
intermediary (Figure 7B).

Interested in assessing a second COSe/H;,Se-releasing system but without the re-
quirement of photoactivation to simplify the overall mechanism, Pluth and team also
examined y-ketoselenocarbamates, which were reconstituted from their earlier work on -
ketothiocarbamates [80]. This H,S donor class undergoes an enol-mediated self-immolating
process that delivers COS/H,S alongside p-nitroaniline, which can be used to track re-
action progress due to its UV-Vis signature at 381 nm. y-Ketoselenocarbamates were
constructed from p-nitrophenyl isoselenocyanate and their activation at different pH values
was monitored by UV-Vis. While compound 8, which lacks deprotonatable hydrogens
at the {3 position, failed to generate p-nitroaniline (Figure 7C), compound 9, as expected,
showed a pH-dependent rate of release, increasing at higher pH values (Figure 7D). In
buffer, the authors were unable to provide direct experimental evidence of selenide release
from this donor system as the ensuing p-nitrophenyl isocyanate byproduct is unstable and
likely to hydrolyze quickly to p-nitroaniline and CO;. Nevertheless, computational studies
corroborate the likelihood of direct selenide liberation as it was calculated to be by far
the lowest energy decomposition pathway, underscoring the fundamental differences in
thiocarbamate /selenocarbamate reactivity.

2.7. «y-Ketoselenides

An analogous base-mediated selenide delivery system was first reported by us in
2022 [85]. In this study, we prepared a library of y-ketoselenides (10-13, Figure 8A) upon
treatment of the corresponding y-ketohalide/tosylate with a solution of sodium selenide
that was generated in situ by reducing elemental selenium with NaBH}.

ff
A o o g e OH OH
R)j\/\se/\)J\R R)\/\Se/\/l\ﬂ
10:R=Ph
11:R = NHPh
12: R = CH,
13: R = CF,
B-elimination o .
_— 2 +
N
10a: R =Ph
11a: R = NHPh
12a: R = CHs
13a:R = CF,
(B) ICso (M)
[ ceitine | 10| 1 | 12 | 13 | 12eC | 0 o]
Hela 37 >50 6.2 10.6 >50 J\/\ /\)J\
HCT116 4.1 >50 5.1 10.1 >50  HsC o CHj

12EC

Figure 8. (A) A library of y-ketoselenides that undergo base-promoted w«-deprotonation/f3-
elimination to release HySe. (B) Cell growth inhibition of HeLa and HCT116 cells in culture. ICs
values were determined after a 24 h incubation period with donor.
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Once in hand, we first monitored the release of selenide from 10 (Figure 8A) in a
1:1 mixture of CD3CN and deuterated phosphate buffer (50 mM, pD 7.4) by tracking
the formation of byproduct 10a (Figure 8A) using 'H NMR. During the experiment, we
observed a decrease in the intensity of the protons alpha to selenium while the signal of the
terminal enone protons simultaneously increased. The addition of 1,4-dioxane as an internal
standard allowed us to track the concentration of both and confirm that the consumption
of 10 correlated well with the production of 10a. During these studies, we also observed
the formation of a red film in our NMR tube, which we attributed to the rapid oxidation of
H,Se in an aqueous buffer and its conversion to Se’. This was confirmed by 3'P NMR and
the formation of triphenylphosphine selenide upon treatment with triphenylphosphine.

Appearing to proceed through an x-deprotonation/3-elimination sequence, we sus-
pected that an enhanced rate of H,Se donation from <y-ketoselenides would be observed
at both higher pH values and with donors that possess more acidic alpha protons. To test
our hypotheses, the same kinetic studies were repeated at pH 6 and 8.5. As anticipated,
the rate of selenide donation was found to be intensified under more basic conditions
(pH 8.5) and hindered under more acidic conditions (pH 6). Similarly, alpha proton acidity
appeared to play a significant role in donor reactivity with 13 undergoing rapid selenide
liberation (confirmed with trapping experiments using benzyl bromide), while 11 was
found to be considerably more stable than both 10 and 12. In total, these experiments not
only verified the release of selenide from -y-ketoselenides but also the mechanism through
which it occurs.

The anticancer activity of these compounds was also assessed in HeLa (human cervical
cancer) and HCT116 (human colon cancer) cells in culture (Figure 8B). Predictably, 11, which
was found to be stable in buffer for months at a time, liberating only trace amounts of
selenide, was found to be completely inactive in both cell lines. Conversely, 10, 12, and
13 exhibited low micromolar activity. As a key control, compound 12EC, an oxygen conger
of 12, was also tested and found to be completely inactive, confirming that the activity of
donors is due to their release of selenide and not the other components of the reaction. It
is also worth mentioning that 11, which liberates selenide at an order of magnitude faster
than both 10 and 12, was found to be two-fold less potent in both cell lines. This implies
that greater antiproliferative activity may be achieved through continuous exposure to low
levels of H,Se for a prolonged period as opposed to a rapid surge in selenide concentration
that is likely afforded by 11.

2.8. 5'-O-Selenophosphate Nucleosides

It had been previously shown by Kaczmarek and colleagues that 5’-O-thiophosphate
nucleosides function as an H;S source in the presence of histidine triad nucleotide-binding
protein 1 (HINT1) [86,87]. Consistent with the common theme throughout this review,
Kaczmarek speculated that a selenium congener might function as a HINT1 substrate [88].
If so, then perhaps H,Se, like H;S, would be afforded as a byproduct of the enzyme’s
hydrolase activity.

To test this premise, 2’-deoxyguanosine-5'-O-selenophosphate (dAGMPSe) was pro-
duced using a known method for generating phosphoroselenoates [89]. After confirming
the stability of dGMPSe in the buffer alone, its HINT1-catalyzed hydrolysis was assessed.
This selenophosphate derivative was found to be a substrate for HINT1 with both de-
oxyguanosine monophosphate (dGMP), confirmed by HPLC, and H,Se, detected by fluo-
rescence spectroscopy and the use of the reaction-based probe SF7 [90], were observed as
products of the enzyme-catalyzed hydrolysis (Figure 9).

After confirming the HINT1-promoted release of HySe in vitro, the cytotoxicity of
dGMPSe was evaluated in HeLa cells. Compared to dGMP, which was found to be nontoxic
at all concentrations tested, dGMPSe exhibited dose-dependent cytotoxicity with an ICs
value of 8 uM after a 24 h incubation period. Furthermore, dead cells were shown to exhibit
higher fluorescence in the presence of SF7, further supporting the notion that released HjSe
from dGMPSe is responsible for cell death.
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Figure 9. 5’-O-Selenophosphates (dGMPSe) undergo HINT1-catalyzed hydrolysis to generate H,Se.

3. Chemical Tools for H,Se Detection
3.1. Nonspecific Electrophilic Traps: Dinitrofluorobenzene, Benzyl Bromide, and Iodoacetamide

While selective microsensors and a plethora of reaction-based fluorescent probes offer
reliable methods for sulfide detection, analogous chemical tools with selenide specificity
are lacking. Furthermore, the methylene blue assay, a ubiquitous method for sulfide
quantification in buffer, is unlikely to translate to accurate selenide detection due to its
rapid oxidation and overall chemical instability compared to that of sulfide. As such, many
researchers have turned to the use of nonspecific electrophilic traps as a quick and dirty
method for selenide sensing and validation of H,Se donor activation.

As mentioned earlier, Pluth and co-workers relied on dinitrofluorobenzene (DNFB)
for confirmation of H,;Se donation from TDN1042 (Figure 10A) [65]. However, the high
electrophilicity of DNFB, coupled with the augmented nucleophilic character of selenium,
made this a challenging endeavor. The authors had previously observed the P=Se moiety
of the donor reacting directly with other electrophiles, such as benzyl bromide, making it
impossible to distinguish donor alkylation from the alkylation of H,Se. Thus, to unequiv-
ocally establish selenide release from TDN1042, the authors placed the DNFB trapping
solution in a vial separate from the donor. Under this setup, when TDN1042 was acidified
with HCI and sparged with Ny, the liberated HySe was volatilized into the headspace
and bubbled through the separate trapping solution containing an excess of DNFB. The
contents of the trapping solution were then analyzed by HPLC with the expected mono
and diselenide products being clearly visible (Figure 10A).
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Figure 10. Use of nonspecific electrophilic traps to confirm HjSe release from donors ((A) TDN1042,
(B) 1, (C) 10) by forming stable selenide/diselenide products that can be easily identified by spectro-
scopic methods.
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Likewise, Yi and colleagues first utilized iodoacetamide for quick confirmation of
selenide donation from their selenocyclopropenone-based donors (Figure 10B) [68]. This
analysis was further complicated by the fact that cysteine, which can be consumed by the
added iodoacetamide, was used to trigger H;,Se release from this donor class. Nevertheless,
using HRMS the authors observed the corresponding mono and diselenide products, which
is consistent with the release of selenide and the autooxidation process.

We, too, relied on nonspecific electrophiles, both benzyl bromide and iodoacetamide,
for confirmation of HjSe liberation from our -ketoselenide-based system [85]. Like the
Pluth group, we also sought to unambiguously confirm H,Se donation from 10 by trap-
ping the gas in a separate vial (Figure 10C). We elected to use iodoacetamide for these
experiments as the ensuing product from its trapping of volatilized HySe would be easily
recognizable by HRMS. Indeed, when 10 was acidified and sparged with argon, released
H,Se was transferred through a cannula needle and into a separate trapping solution where
the expected selenide product was clearly visible by HRMS.

3.2. Fluorescent Sensors Based on Benzoselenadiazole Se—-N Bond Cleavage

A small molecule fluorescent probe with high selectivity towards HySe was first
reported by Tang and colleagues in 2016 (NIR-HySe, Figure 11A) [91]. By fabricating
a benzoselenadiazole moiety onto a mercaptan dye, the authors found that Se-N bond
cleavage occurred quickly in the presence of H,Se, but not when exposed to other selenols
or thiols, to afford to a fluorescent diamine reporter (Aex: 688 nm, Aem: 735 nm).

() Se

PBS (pH 7.4)

NIR-H,Se Aex: 688 nm, Ag: 735 nm

(B)
o]
Y L . &3
\—|_\|N O NQN Buffer (pH 5) ‘Q’
\N,Se

o
Se-1 Aex: 435 nm, Ag: 535 nm

Figure 11. (A) Reaction-based fluorescent sensor with selectivity towards H,Se based on benzosele-
nadiazole Se-N bond cleavage. (B) A lysosomal-targeting fluorescent sensor for HySe bioimaging.

With an H,Se-selective sensor in hand, the authors then used NIR-H,Se to monitor
cellular H;Se levels in HepG2 cells using NaySeOs as a metabolic precursor. In this ex-
periment, a dose and time-dependent increase in fluorescence was observed, as expected.
Moreover, these investigations were conducted under both hypoxic (1% pO;) and normoxic
(20% O,) conditions, with a significant reduction in fluorescence being observed during
the latter. This was attributed to rapid H,Se oxidation and the production of superoxide
and other reactive oxygen species while exposed to higher O, levels. Based on these
observations, it was concluded that the anticancer activity of NaySeO3 in HepG2 cells
under normoxic conditions can be attributed to ROS-induced cell death. Conversely, under
hypoxic conditions, which is a hallmark of solid tumors, a non-oxidative stress mechanism
is likely in play due to a notable buildup in cellular H,Se. This hypothesis was further
validated in a solid tumor mouse model using NIR-Hj,Se.
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A lysosomal-specific HySe sensor based on this same framework was reported by
Zhang and Jing in 2019 (Se-1, Figure 11B) [92]. In addition to a benzoselenadiazole moiety
for selective HySe detection, a morpholino group was appended to the sensor for lysosomal-
targeting [93]. Under simulated lysosomal conditions (acetate buffer, pH 5), a notable
increase in fluorescence at 535 nm (Aex: 435 nm) was observed when a solution of Se-1 was
exposed to HySe (but not other biologically relevant analytes). Moreover, the fluorescent
enhancement of Se-1 in the presence of HySe was found to be consistent within a pH range
of 4.5-7, confirming its compatibility with lysosomal conditions.

After establishing its reactivity and photophysical properties in buffer, lysosomal-
targeting of Se-1 was confirmed in HepG2 cells using LysoTracker Blue (Pearson’s correla-
tion coefficient of 0.91). Additionally, using Se-1, the authors observed elevated levels of
lysosomal H,Se in hypoxic HepG2 cells, whereas little lysosomal fluorescence was observed
under normoxic conditions.

To date, benzoselenadiazoles have not been used as a recognition subunit to validate
selenide delivery from novel donor scaffolds. However, its reported high reactivity towards
HjSe could prove useful in future studies as the transient nature of HySe requires rapid
detection for accurate monitoring.

3.3. Fluorescent Sensors Based on Disulfide Bond Cleavage

A second-generation sensor from Tang and co-workers employed disulfide bond
reduction as a recognition mechanism for HySe-initiated turn-on fluorescence (Hcy-HjSe,
Figure 12) [94]. Thiol-activated prodrugs and chemosensors that utilize disulfide bond
reduction as their initiation step have been widely reported [95]. Based on these accounts,
it was suspected that a more stable cyclic disulfide (i.e., a six-membered ring) would re-
spond much more quickly to HySe, given its heightened nucleophilicity, thereby imparting
selectivity over other selenols and thiols.

o) o)
O Y0 oH . 0 oH
NH O NH
ssacalet Nesvacalat
;@ s-§ ;@ SH

Hcy-H,Se

NH,
cyclization O}’O OH & ‘ / / O
- = )<

N©®
SH

Aex: 470 nm, Ay, 535 nm

Figure 12. Proposed mechanism for Hcy-H;Se turn-on fluorescence initiated by H,Se-promoted
disulfide reduction.

Hcy-H;Se was generated by combining oxidized dithiothreitol [96] with a masked
hemicyanine dye via a carbamate linker. When exposed to HySe, a maximum fluorescence
intensity (Aex: 470 nm, Aem: 535 nm) was reached almost immediately, indicating rapid
HjSe-initiated disulfide bond reduction and cyclization (Figure 12). Selectivity studies
indicated that the addition of glutathione, H5S, selenocysteine, dithiothreitol, bovine serum
albumin, and thioredoxin reductase yielded little fluorescence compared to HySe. Moreover,
the emission intensity at 535 nm correlated well with increasing concentrations of HySe,
affording a good linear relationship between the two.

Bioimaging of HySe in live human cells was accomplished with Hey-H,Se [94]. HepG2
cells exposed to Na;SeO3 and Hcy-H;Se under hypoxic conditions exhibited fluorescence
that was both dose- and time-dependent. The authors also demonstrated that hypoxic
tumor regions in mice injected with sodium selenite could be imaged with Hcy-H,Se. This
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further supports the anticancer effects of selenium in hypoxic solid tumors being due to an
increase in reductive rather an oxidative stress.

3.4. Spectroscopic Sensors Based on Nucleophilic Substitution

While examining selenocyclopropenones and selenoamides as potential cysteine-
activated donors (Figure 6), Yi and collaborators developed a quantitative assay for H,Se
based on its nucleophilic substitution with a carefully chosen electrophilic species [68].
Upon testing several potential candidates, the authors discovered that commercially avail-
able Cy7-Cl reacted much more quickly with selenide than other selenols and thiols, to form
Cy7-SeH (Figure 13A). As the reaction progressed, it was noted that the starting absorbance
of 780 nm (Cy7-Cl) was shifted to 710 nm (Cy7-SeH), offering a convenient colorimetric
method for monitoring reaction progress. The reaction between Cy7-Cl (500 uM) and
various amounts of NaySe (25-350 uM) was also monitored HPLC, with a plot of Cy7-SeH
peak area vs. selenide concentration yielding a straight line. This calibration curve was then
used to effectively determine the H,Se-releasing efficiency from selenocyclopropenones in
the presence of cysteine.

(B)
O-N N-Q
N NS ) Se ! Z N /
(O 5 equiv) (1 equiv)
O,N NO,

" NBB‘;Se NBD-CI NBD-SeH
abs: 428 nm Aups: 343 nm Agps: 551 nm
(©) O.N N
2 2 'O

0 Se
NBD- CI
@ PBS (7.4 S
=T D
Cat-PSe O OH

Figure 13. (A,B) Commercially available electrophilic traps that provide a colorimetric readout for
monitoring HySe donor progress. (C) Cautioning researchers that complementary H,Se measure-

NBD SeH
Aapbs: 551 nm

ments should be employed to avoid confusing donor alkylation with the alkylation of released HySe

in solution.

While evaluating the HySe-releasing efficiencies of cyclic-PSe donors (Figure 5), the
Pluth group found that commercially available 4-chloro-7-nitrobenzofurazan (NBD-CI),
which had been previously used to detect H,S [97], could also be used to trap selenide
via a nucleophilic aromatic substitution reaction (Figure 13B) [66]. Initially, the authors
analyzed the reaction between NBD-Cl and tetrabutylammonium hydroselenide (NBuySeH)
in PBS (pH 7.4). They found that substoichiometric amounts of selenide provided NBD,Se
(Azbs: 428 nm), while stoichiometric HSe™ yielded NBD-SeH as the primary product (Agp:
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551 nm). With confirmation of a colorimetric response, NBD-Cl was then used to monitor
the hydrolysis of Cat-PSe in PBS (Figure 13C). While the formation of NBD-SeH was clearly
visible (A;ps: 551 nm), the rate of apparent HySe liberation appeared to occur much faster
when compared to earlier 3P NMR hydrolysis experiments. The authors attributed this
notable rate enhancement to donor alkylation, rather than hydrolysis, while in the presence
of a strong electrophile, such as NBD-CI. Therefore, while the use of NBD-Cl appears
to provide a convenient colorimetric method for monitoring donor progress, additional
trapping experiments are likely necessary to untangle donor alkylation from the alkylation
of released H,Se in solution.

3.5. Fluorescent Sensors Based on Azide Reduction

Like HpS-responsive NBD-CI being reintroduced for HySe detection, H,S-sensitive
fluorescent sensors that rely on aryl azide reduction were reexamined for their capacity to
detect HySe [89]. Probes SF4 and SF7 (Figure 14) were previously engineered by Chang
and co-workers for monitoring HyS levels under physiological conditions [90,98]. While
stable towards other sulfur-containing molecules, H,S initiates aryl azide reduction on the
masked rhodamine dye, resulting in a turn-fluorescent response (Figure 14A).
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SF7:R=
O COH
B o)
(B) o
Se A
0=P-0 < )\ HINT? ’ SF4 or SF7
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OH
dGMPSe Aex: 488 nm, Ap.: 525 nm

Figure 14. (A) Aryl azide reduction for HyS-initiated turn-on fluorescence. (B) The use of aryl azides
as fluorescent probes for tracking HjSe liberation from donor compounds.

Given the increased reactivity of HySe, Kaczmarek and co-workers suspected that
these same sensors would be responsive towards H,Se and used them to confirm selenide
release from dGMPSe in both in a buffer and in live HeLa cells (Figure 14B) [88]. In
fact, when using SF7 and SF4, higher fluorescence values were observed with dGMPSe
compared to its sulfur congener, which likely stems from the higher reactivity and reductive
properties of HySe compared to that of HyS. Thus, while not selective for HySe, aryl azide
reduction appears to be a potential method for the real-time monitoring of donor progress.

4. Conclusions and Outlook

The continued evolution of H,Se-specific chemical tools is a prime objective for those
interested in uncovering the (patho)physiological effects of hydrogen selenide. While
donor compounds capable of providing the slow and sustained release of HySe have be-
gun to emerge, the introduction of additional stimulus-responsive donors (i.e., enzyme
or bioanalyte-triggered) with greater spatiotemporal control over their biological delivery
of HySe will serve as a great advancement in the field. HySe detection and quantification,
especially when liberated from a donor scaffold, remains a great challenge. Most current
methods rely on electrophiles to trap the released selenide, which often leads to interfer-
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ence from the donor itself given the intensified nucleophilic character of selenium. New
approaches for detection that avoid the introduction of strong electrophiles should continue
to be explored, including additional reaction-based fluorescent sensors that can be used
in cellular and in vivo imaging experiments. Together, these compounds will continue to
unearth the unique aspects of HySe chemical biology, while providing new evidence that
further supports (or refutes) the addition of HySe as the fourth gasotransmitter.
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