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ABSTRACT: A method for the coupling of aryl chlorides and
thiophenols using an air-stable nickel(0) catalyst is described.
This thioetherification procedure can be effectively applied to a
range of electronically diverse aryl/heteroaryl chlorides without
more expensive metal catalysts such as palladium, iridium, or

Ni[P(Op-tolyl)sls (5-10 mol %)
xantphos (10-20 mol %)
KOt-Bu or Cs,CO3, Zn
toluene, 110 °C

oy

heterocycles

43 examples
(including alkyl thiols)

ruthenium. This investigation also illustrates both, a variety of thiol coupling partners and, in certain cases, the use of Cs,COs;.

N ickel-catalyzed cross-coupling reactions are a rapidly
growing field in synthetic chemistry, and recent publica-
tions in this area have reported efficient processes for C—C and
C—heteroatom bond formation." These couplings have been
achieved by development of the catalysts and catalyst precursors
Ni(cOd)z, Ni(Il) precatalysts,”> Ni—N,N N—plncer com-
plexes,” and nickel phosphine/phosphite systems,” among
others.”

The development of C—S bond forming processes involving
nickel has been achieved with aryl-iodides and bromides under
moderate to harsh conditions (Scheme 1).®” These investigations
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have also included intramolecular C—S bond forming methods.'”
More recently, aryl iodide substrates have been used in C—S bond
forming reactions with thiyl radicals in an Ir/Ni dual-catalytic
photoredox system."' A second photoredox system was also
reported and used Ni/Ru for the coupling of aryl bromides."”
Many of these processes are carried out on expensive precursors
or using solvents like DMF that are not suitable for industrial
synthesis. Thioethers are also becoming more prevalent structural
motifs in pharmaceuticals. Examples include axitinib (a tyrosine
kinase inhibitor), albendazole (a treatment for parasitic worm
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infestations), vortioxetine (an antidepressant), and fenticonazole
(an antifungal).

Aryl chlorides in nickel-catalyzed C—S cross-coupling reactions
are generally either unreactive or result in impractical yields. bl
Some reactive, electronically poor aryl chlorides have been
described, but invariably, these systems do not allow for the
couphng of substrates containing electron donating substi-
tuents.””" Interestingly, in this field, a Ni(cod),/dppf catalytic
system with (Me,N)SCF; has been used to incorporate a SCF,
groups into aryl chlorides."* A nickel catalyst for the coupling of
Ar—Cl substrates was reported using NaOH and DMF, but this
catalyst system was inconsistent with our modern industrial
requirements. * Most recently, an iridium photoredox system has
been applied at room temperature for C—S bond formation
(Scheme 1).°

In our study, we sought to develop a nickel catalyst system with
a substrate scope that includes a wide range of aryl chlorides (3)
with a variety electronic demands. Additionally, if a relatively
benign solvent and base system could be used, it would simplify
the transition of the system to industrial processes. Nickel
phosphites and nickel phosphites/phosphines have been shown
to catalyze a range of cross-couplings, and the cheap, air-stable
nickel(0) species Ni[P(OPh), ], was selected as the starting point
for our investigations.7’l

The activated cross-coupling between electron-poor 4-
chlorobenzonitrile (4) and p-methoxythiophenol (5) to generate
bis-aryl thioether 6 was initially tested under dilute conditions
(0.02 M), using a robotic screening system (Scheme 2a), to gauge
the reactivity of a library of bidentate phosphines with
Ni[P(OPh),],. The ligand screening system, contained in a
glovebox under an argon atmosphere, consists of X, Y, Z, a-
robotics with a tool—exchange interface. Reactions were carried
out at 0.036 mmol, and the outcomes were determined by GCMS
analysis (see Supporting Information, SI).
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Scheme 2. Initial Screening Reactions
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The most promising ligands from our extensive screening were
dppp, xantphos, t-Bu-xantphos, Josiphos, and Synphos. We
disregarded Josiphos, Synphos, and ¢-Bu-xantphos due to their
high retail prices and focused our attention on dppp and xantphos.

In a series of control experiments, the two ligand candidates
were further investigated in the comparatively less reactive C—S
cross-coupling reaction between various halobenzenes and
thiophenol (Scheme 2b, also see SI). In this series of reactions,
a group of inexpensive Ni-catalysts was examined, including
Ni[P(OPh),], and nickel(II) catalysts along with the in-house-
developed (dppf)Ni[P(OPh),],” and (dppf)Ni[P(Op-tolyl),],.
This study highlighted the advantages of para-tolyl phosphite
ligands, which eventually led to us choosing air-stable Ni[P(Op-
tolyl);], for further studies.'” It was assumed, based on our
previous investigations, that the two phosphite ligands are
exchanged with the bidentate ligand additive leading to a
catalytically active species precursor. While dppp proved to be
efficient at promoting C—S cross-coupling using iodobenzene as
the substrate, it was ineffective at facilitating the reaction using
chlorobenzene. Xantphos, which has a large bite angle and higher
backbone rigidity compared with dppp, was required to promote
reactions with chlorobenzene. The detection of disulfide 8
prompted us to include a reductant; zinc was the reductant of
choice due to its use in early examples of C—S cross-coupling
reactions.’ Followmg this modification, less disulfide 8 was
produced, and alarge increase in production of sulfide 7 was often
observed in these test trials (Scheme 2b). When investigating
bases, KOt-Bu was shown to improve yields, while the weaker
bases such as Cs,COj; afforded high yields in cases in which
electron-poor aryl chlorides were involved. This discovery is
unique in nickel-catalyzed C—S coupling with aryl chlorides.
Ultimately, the catalytic system of Ni[P(Op-Tolyl);], (S mol %),
xantphos (10 mol %), KOt-Bu (2 equiv), and zinc (1 equiv) in
toluene was selected at 110 °C (see SI). Under these conditions,
the coupling of chlorobenzene and thiophenol afforded diphenyl
sulfide (7) in 96% yield.

As nickel-catalyzed C—S cross-coupling of aryl chlorides
containing electron-donating substituents 9 are extremely
uncommon in the literature, these transformations were an
important focus of our study. The initially selected 5:10 mol %,
catalyst/ligand loading produced a sluggish reaction for these

catalyst (10 mol %)
dppp or xantphos (20 mol %)
base, reductant
toluene, 110 °C

more challenging substrates; however, increased loading was
found to be more effective. Initially, we were encouraged to find a
99% yield for the coupling of 4-chloroanisole (see Scheme 3).
Similar quantitative to excellent yields were also observed for the
reaction of 4-chlorotoluene and 3-chlorotoluene, leading to
sulfides 10c and 10d, respectively.

Scheme 3. Nickel-Catalyzed C—S Coupling: Scope of Aryl
Chlorides (ED Substituents) and Heterocycles”
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“All reactions were carried out using aryl chloride (0.5 mmol),

thiophenol (0.6 mmol), Ni[P(Op-tolyl);], (0.05 mmol), xantphos (0.1

mmol), zinc (0.5 mmol), KOt-Bu (1.0 mmol), toluene (2 mL), 110

°C, 16 h. PThree equivalents of base used. “Four hour reaction time.

“Based on recovered starting material. “Two hour reaction time.

R

Electron-rich ortho-substituted substrates afforded the corre-
sponding products in more moderate yields of 53% (10b) and
58% (10e); however, these yields were slightly higher than those
recently reported in an iridium photocatalyzed system with the
same substrate (40%, 0-OMe)."> Although 2-chloro-1,3-
dimethylbenzene was not reactive under these conditions, the
sulfide product 10f could easily be prepared by reversing the
substrate and the coupling partner (see Scheme S). The
phenoxysilane moiety degraded in the described reaction
conditions over long periods (ca. 16 h). This result is consistent
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with a recent report highlighting nickel-catalyzed reductions of
silyloxyarenes.'® Reducing the reaction time allowed the
formation of 10h (36%) with significant amounts of starting
material recovered. Other silyl ethers were more robust in our
conditions (see 10i). Competing coordination was thought to be
the cause of the low yields of aniline 10g; however, protecting the
aniline substrate with acetate eliminated these problems.
Reducing the reaction time allowed for the effective coupling of
an alkyne substituted substrate leading to compound 10L
Importantly, a range of N-heteroaryl chlorides, including
pyridines, indoles, quinolones, and pyrazine, were also coupled
with thiophenol under our conditions (see Scheme 3). The lesser
known pyrazole chlorides successfully led to the formation of the
thioethers 10u and 10v. To highlight the chemoselectivity of this
reaction, an aryl chloride substrate bearing a p-boronic ester
substituent was coupled in 45% yield. The coupling of 2- or 3-
chlorothiophene efficiently led to sulfides 10x and 10y,
respectively, in excellent yields.

Given nickel-catalyzed couplings of aryl chloride substrates
containing electron-poor substituents have previously been
reported and are more activated,”" we decided to halve the
catalyst and ligand for these reactions. Under these conditions,
simple thiophenol could be readily coupled with chlorobenzene
and its fluorinated counterparts (see Scheme 4).

Scheme 4. Nickel-Catalyzed C—S Coupling: Scope of Aryl
Chlorides (EW Substituents)”
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“All reactions were carried out as Scheme 3, except for Ni[P(Op-
tolyl);], S mol % and xantphos 10 mol %. ®One mmol scale. “Ten mol
% catalyst used. Startmg material reduced to 1-(4-chlorophenyl)-
ethanol, isolated 57%. “KHMDS (2 equiv) and MgCl, (1.1 equiv), 2 h,
were used.

Reactions involving substrates containing reducible functional
groups were carried out with the milder base Cs,CO;. In these
cases the benzonitrile sulfides 12¢ and 12d were obtained, the
former requiring shorter reaction times due to decomposition. A
select group of nitriles have recently been used as leaving groups
in combination with a Ni(cod),/dcype catalytic system,
suggesting our catalytic system is milder.'” Furthermore, the
coupling of 4'-chloroacetophenone was more efficient with
Cs,CO; (12g, 99%). Similar substrates have also been used in
visible-light-promoted C—S cross-coupling reactions.”” The

coupling of methyl 4-chlorobenzoate was initially problematic,
in part due to transesterification; however, KHMDS and MgCl,
with a shorter reaction time led to 12i in modest yields (see SI).

In addition, our substrate exploration included a range of
thiophenols (1, see Scheme S). Interestingly, the coupling

Scheme S. Nickel-Catalyzed C—S Coupling: Scope of
Thiophenols®
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“All reactions were carried out on the same scale as Scheme 3.
bNi[P(Op—toly1)3] 4+ 10 mol % and xantphos 20 mol % were used.

partners that contained more sterically encumbered sulfhydryl
groups (such as 2,6-dimethylbenzenethiol) still led to excellent
yields of the corresponding sulfides (i.e., 10f, 99%). In general,
aryl thiols containing either electron-donating and/or -with-
drawing substituents were well tolerated and afforded the
corresponding products in good to excellent yields.

We also studied alkyl thiols 14 under the established catalytic
conditions (see Scheme 6). We first tested butyl thiol as a model

Scheme 6. Nickel-Catalyzed C—S Coupling: Attempted Cross-
Coupling of Alkyl Thiols”

X Ni[P(Op-tolyl)z]4 (5 mol %) s
©/ . HS-Alkyl xantphos (10 mol %) Alkyl
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O T OOTO
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153 12 20%

16b, Br=51% 15c, Br=22% 15d, Br = 50%

“All reactions were carried out on the same scale as Scheme 4.

system and were pleased that coupling occurred with the aryl
chloride (20%), as others have reported complete inactivity with
this substrate.”’ The coupling of an aryl bromide with n-
butanethiol was much more promising at 62% yield. Unfortu-
nately, this yield could not be improved through increasing
catalytic loading or modification of the ligand/complex ratio.
Under these conditions, the cyclohexanethiol could be coupled in
51%yield (15b); however, the tertiary thiol was more challenging.
Remarkably, the sterically demanding reaction leading to the
adamantyl sulfide product 15d was achieved in 50% yield.
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Although lower-yielding than the efficient system reported by
Molander, we have avoided the use of a second catalyst and DMF
to keep our system in line with industrial requirements.'>"*

In conclusion, we devised a nickel(0) catalytic system capable
of cross-coupling normally unreactive aryl chlorides containing
electron-donating substituents. This nickel-phosphite Ni[P(Op-
tolyl);], and xantphos catalytic system can also be applied to a
plethora of other aryl/heterocyclic chlorides. Importantly, the
system can also be made milder by substituting KOt-Bu for
Cs,CO;. This novel thioetherification protocol is also well suited
to a range of electronic and sterically congested thiophenols and
can be carried out in toluene, making it amenable to industrial
applications.
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