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Abstract

C-S cross-couplings are an important class of reactions applied across organic synthesis, materials
science, and pharma-ceuticals. Several different methodologies have been developed to achieve
this significant transformation. However, currently available synthetic procedures significantly rely
on transition metals. This article describes historical developments in the field of transition-metal-
catalyzed C-S cross-coupling reactions, the development of a visible-light-driven and catalyst-free
approach to C-S bond formation, and future outlooks.
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Owing to the ubiquity of aromatic thioethers in pharmaceuticals, natural products, and
materials (Figure 1), the development of sustainable and efficient procedures for C-S bond
formation is a key research goal in synthetic chemistry.2 As such, significant efforts have
contributed to the development of a plethora of methodologies that expand the ability of
chemists to construct C-S bonds.

Palladium-catalyzed cross-coupling reactions between aryl iodides and thiophenols, first
reported by Migita and co-workers in 1978 (Scheme 1a),3 represents an efficient tool for
constructing diaryl thioethers. This method is among the most powerful catalytic C-S bond-
forming reactions known and it has enabled tremendous synthetic developments in the
pharmaceutical industries.# In 2004, Murata and Buchwald developed Pd(OAc)2/1,10-
bis(diisopropylphosphino) ferrocene (DiPPF) as a catalyst system for the cross-coupling of
thiols and aryl halides.> Both electronrich and sterically hindered aryl halides, as well as
primary, secondary, tertiary, and aromatic thiols, were tolerated under the optimized reaction
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conditions, and gave the desired aromatic thioethers in good yields. Thereafter, Hartwig and
co-workers reported an efficient bisphosphine ligand, CyPF-Bu? (Scheme 1b), which made
possible the cross-coupling of aryl chlorides or triflates with thiols catalyzed by Pd(OAc),.6
This system was also expanded for synthesizing unsymmetrical diaryl thioethers with
triisopropylsilanethiol (TIP-SH) as the thiol surrogate.’

The nickel-catalyzed synthesis of diaryl sulfides was first demonstrated by Cristau and co-
workers using NiBr2 as the precatalyst and ¢-(Ph,P),CgHa as the ligand (Scheme 1c).8 It is
worth noting that vinyl aryl sulfides can also be obtained with this catalytic system.® Cross-
coupling reactions between nonactivated aryl iodides and aryl thiols catalyzed by copper
were first discovered by Suzuki and coworkers in 1980 (Scheme 1d).19 Cul was used as a
catalyst whereas hexamethylphosphoramide (HMPA) was used as the solvent. Copper (1)
arenethiolates were proposed as intermediates formed in situ from Cul and arenethiolate
ions. In 2002, Kwong and Buchwald reported an ethylene glycol/Cul catalytic system for the
cross-coupling reactions of aryl iodides with alkyl or aryl thiols.1! A variety of functional
groups, such as free anilino NHy, carboxylic acid, nitro, and free alkylamino groups, were
all tolerated under the optimized reaction conditions.

The Col,(dppe)/Zn catalytic system was first used by the Cheng group for synthesizing
aromatic thioethers (Scheme 1e).12 This cross-coupling reaction proceeded readily at 80 °C
when CH3CN was used as the solvent. Various (het)aryl iodides or bromides with electron-
donating or -withdrawing groups were successfully coupled to diverse aryl or alkyl thiols
under the optimized conditions and gave the desired aromatic thioethers in good yields. This
method highlights cobalt as a user-friendly, inexpensive, and efficient catalyst for C-S bond
formation. However, it suffers from a limited substrate scope (aryl bromides or iodides).

In 2008, Bolm and co-workers developed an approach for the synthesis of aromatic
thioethers catalyzed by a combination of FeClz and N,V -Dimethylethylenediamine
(DMEDA\) (Scheme 1f).13 This new cross-coupling reaction is of great interest because it
avoids the use of expensive and/or air-sensitive ligands. However, only aryl iodides were
successfully coupled under these reaction conditions.

A well-defined (POCOP)Rh [POCOP = 1,3-CgH4(OPPh,),] catalyst for the catalytic
coupling of aryl bromides or chlorides with aryl or alkyl thiols was demonstrated by Ozerov
group (Scheme 1g).14 Both aryl bromides and chlorides were efficiently transformed into
aryl thioethers. Primary and secondary alky! thiols also worked well and reacted faster than
aromatic thiols. Each elementary step of this process has been studied in detail and some
intermediates involved in the reaction have been isolated; these supported the proposed
mechanism of this reaction.

In summary, a variety of transition-metal-catalyzed C-S bond-formation reactions have been
developed, however, all the above transition-metal-catalyzed methods require a strong base,
specific or air-sensitive ligands, and high temperatures, which might limit their application
scope.

Over the last ten years, photoredox catalysis has emerged as a strategy for the construction
of C-C or C- heteroatom bonds under mild conditions, without the need for highly reactive
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radical initiators.1> Noél and co-workers demonstrated a one-pot Stadler—Ziegler method for
producing aromatic thioethers by employing Ru(bpy)3Cl,-6H,0 as a photoredox catalyst
(Scheme 2a).16 Arylamines containing a phenolic OH, chloro, bromo, or nitrile group were
all efficiently converted into the corresponding products. Later, photoinduced Ni-catalyzed
cross-coupling of thiols with (het)aryl halides was independently demonstrated by the
Johannes group and the Molander group. Johannes and co-workers revealed that a thiyl
radical can be generated through light-driven oxidation of a thiol followed by deprotonation
of the highly acidic thiol radical cation; the thiyl radical was proposed to be the key
intermediate for thioether formation (Scheme 2b).17 A variety of aryl iodides bearing
organoboronate, bromide, aldehyde, or nitrile groups were all coupled efficiently with (4-
methoxyphenyl) methanethiol. Moreover, thiophenols and alky! thiols were all tolerated
under these mild conditions.

Molander and co-workers showed that a hypervalent silicon compound can be oxidized and
fragmented to give an alkyl radical that can effectively abstract a hydrogen atom from a
thiol, thereby forming a thiyl radical (Scheme 2c).18 The thiyl radical generated in this
manner can engage in nickel-catalyzed cross-coupling and yield the thioether product.
Notably, a variety of substrates were tolerated under these reaction conditions. For example,
halide-containing pyridines, isoquinolines, caffeine, and (/)-Boc-cysteine reacted efficiently
with a variety of alkyl thiols.

More recently, Jiang and Fu and their co-workers developed a [7ac-1r(ppy)s]-catalyzed cross-
coupling reaction between aryl halides and thiols without the need for a nickel catalyst
(Scheme 2d).19 A variety of aryl halides, including aryl iodides, bromides, chlorides, and
fluorides, were all efficiently coupled with aryl thiols to afford the thioether products in
good to high yields.

Photoredox-catalyst-free, photoinduced C-S cross-coupling reactions have also been
investigated. In 1974, a catalyst-free UV-photoinduced coupling of thiophenoxides with aryl
iodides in liquid ammonia was reported by Bunnett and Creary (Scheme 2¢).20 In 2013, a
photoinduced, copper-catalyzed, cross-coupling of aryl thiols with aryl halides was
demonstrated by the Fu group (Scheme 2f).2% Aryl thiols bearing methoxy, methyl, or fluoro
groups were coupled efficiently with phenyl iodide. Notably, the light-driven C-S cross-
coupling reactions highlighted in Schemes 2e and 2f were carried out in the absence of an
added photo-redox catalyst to effect electron or energy transfer.

Despite the advances that have been made in aromatic thioether production, these
approaches either require UV irradiation or involve the use of transition metals such as Ru,
Ni, Ir, or Cu (Scheme 2). Therefore, the development of UV-free and transition-metal-free
methods for constructing C-S bonds is desirable.

With the goal of establishing a transition-metal-free C-S bond-formation method using
visible-light irradiation, we initially applied strongly reducing N, A-diaryldihydro-
phenazines or A-arylphenoxazines as organic photoredox catalysts22 with irradiation by a
white light-emitting diode (LED) of a solution containing 4’ -bromoacetophenone, 4-
methylbenzenethiol, and Cs,COg3 in dimethyl sulfoxide (DMSO). Encouragingly, C-S cross-
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coupled products were obtained in high yields; however, control experiments re-vealed that
the desired product was also isolated in high yield (97%) in the absence of the organic
photoredox catalyst after one hour of white LED irradiation at room tem-perature (Table 1,
entry 1). This result was apparently due to a novel reaction pathway leading to C-S bond
formation (see below).23

Control experiments revealed that visible light was essential for this transformation in the
absence of the organic photoredox catalyst. No reactivity was observed in the presence of
oxygen (Table 1, entry 6), which is consis-tent with a radical mechanism. Furthermore,
highly pure Cs,CO3 (99.995%) and K,CO3 (99.997%) were also investigat-ed, and no
difference was observed between these base sources. It is noteworthy that KoCOsz, which is
less expensive than Cs,CO3, was also an excellent base for this transformation.

Subsequent investigation of the substrate scope revealed that a variety of aryl iodides and
bromides afforded the targeted cross-coupling product in good yields (Scheme 3). Aryl
bromides or iodides bearing either electron-donating (42a,b) or electron-withdrawing groups
were tolerated to yield the desired biaryl thioether products. Notably, elec-tronic effects on
the aryl halides resulted in an obvious difference in reactivity. For example, both longer
irradiation times and the use of electron-rich thiophenols were required to obtain appreciable
yields for electron-neutral or electron-rich aryl iodides.

A number of aryl chlorides containing electron-with-drawing groups (43a—€) were tested
with 4-methylbenzen-ethiol as the coupling partner, and the corresponding desired products
were isolated in good yields (Scheme 4). 3-Chloropyridine (43f) was also a good substrate
and afforded the corresponding products in high yields. More-over, when we treated
indomethacin (44), fenofibrate (45— 47), moclobemide (48), or hydrochlorothiazide (49)
pharmaceutical ingredients (containing an aryl chloride) with thio-phenols under our
reaction conditions, we obtained the thiolated compounds in yields of 50-79%.

Importantly, a large variety of heterocycles were also tolerated under our reaction conditions
(Scheme 5). These include (het)aryl halides (50i-1), mercaptopyridines (50a,b),
mercaptopyrimidines (50c-€), 2-mercaptobenzim-idazole (50g), 2-mercaptobenzothiazole
(50f), and 7-mercapto-4-methylcoumarin (50h).

Our additional investigations of the substrate scope focused on aryl thiols (Scheme 6). Aryl
thiols bearing free hydroxy, amine, or carboxyl groups were all tolerated under our C-S
coupling conditions (51h—j), thus eliminating the need for protecting groups. Thiols bearing
fluoro (51f), chloro (51g,n), or bromo groups (51m) were also compatible under the
optimized reaction conditions, which might be synthetically useful for further modifications.

Density functional theory (DFT) calculations, in combination with UV-vis spectroscopic
measurements, suggested that the catalyst-free C-S cross-coupling described above is driven
by the photochemical activity of electron donor-acceptor (EDA) complexes,24 formed by the
aggregation of thiolates and aryl halides. Upon light absorption, an electron is transferred
from the electron-rich thiolate anion to the electron-deficient aryl halide to form thiyl and
aryl radicals, which subsequently quench to form the aryl thioether product.
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Despite a broad substrate scope of the C-S cross-coupling reactions with aromatic thiols, the
optimized conditions do not provide C-S formation products and dehalo-genation products
with alkyl thiols. We suggest that this problem might be attributed to the hydrogenatom-
transfer ability of alkyl thiols. Consequently, the reaction with alkyl thiols requires further
work. The evolution of reactions employing alky! thiols might permit modifications of
cysteine-residue-containing proteins or peptides to modulate their physicochemical
properties and biological activities. Access to native thioarylated small biomolecules might
also become possible with altered selectivity and efficiency.

We envision that this synthetic procedure will find applications in facilitating access to new
thioether-containing compounds in pharmaceutical, agrochemical, and materials sciences.
Future research efforts are aimed at investigating the scope of alkyl thiols, further
understanding of the reac-tion mechanism of this C-S cross-coupling reaction, and
extending the methodology for the syntheses of polymers.
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Figure 1.

Selected examples of sulfur-containing drugs and biologically active compounds
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Transition-metal-catalyzed C-S cross-coupling reactions
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Scheme 6.
Scope of thiols
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Table 1

Effect of Reaction Parameters’

Br HS. S
\©\ base, solvent U
" S PO,
Ny, 25°C, 1h
O 40a 41a 0 42b

Entry  Base(equiv) Light Solvent Yieldb (%)
1 Cs,CO;3 (1.5) yes DMSO 97¢
2 Cs,CO3 (1.5) no DMSO trace
3 Cs,CO05 (1.0)S yes DMSO 87
4 Cs,CO5 (0.5) yes DMSO 12
5 Cs,CO; (0.0) yes DMSO 0
6 Cs,CO;3(1.5) yesa’ DMSO 0
7 K,CO; (1.5) yes DMSO 91
8 Na,COs (1.5) yes DMSO 24
9 Cs,CO3 (1.5) yes DMF 35

10 Cs,CO5 (1.5) yes CH4CN 0
11 Cs,CO3 (1.5) yes DMA 76

aThe beaker irradiated with the LEDs was cooled to r.t. with compressed air.
b . s . .

NMR yield with trimethoxybenzene 1,3,5-trimethoxybenzene as an inter-nal standard.
c .

Isolated yield.

a .
In air.

1duosnuey Joyiny

1duosnuen Joyiny

Synlett. Author manuscript; available in PMC 2019 December 13.



	Abstract
	Graphical Abstract
	References
	Figure 1
	Scheme 1
	Scheme 2
	Scheme 3
	Scheme 4
	Scheme 5
	Scheme 6
	Table 1

