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Due to the smaller size of nickel compared to palladium, the C-S cross-coupling of sterically challenging
aryl electrophiles with alkyl thiols under nickel catalysis remained elusive. Herein, we report the nickel-
catalyzed cross-coupling of alkyl thiols with aryl triflates bearing functional groups in ortho-position rela-
tive to the leaving group using Ni(cod),/DPEphos (L1) or dppbz (L2) as the catalytic system. For substrates
featuring non-coordinating ortho-substituents, the reaction operates under mild conditions using L1,
while for electrophiles bearing coordinating groups, the ligand L2 and elevated temperatures are required.
The synthetic utility could be demonstrated on numerous examples, including biologically relevant com-
pounds, and on larger scale. Instead of Ni(cod),, more cost-efficient Ni(OAc), can also be employed in
the presence of zinc as reductant. Furthermore, insights into the reaction mechanism were obtained by
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Introduction

Thioethers are represented in a large range of natural com-
pounds,’ pharmaceuticals,” agrochemicals® as well as in func-
tional materials.* Additionally, compounds containing sulfur
in higher oxidation state can be conveniently accessed from
the corresponding thioethers.” Therefore, the efficient and
selective construction of the C-S bond has been thoroughly
investigated leading to the development of the transition-
metal catalyzed Migita reaction as the most prominent pro-
cedure.® Until today, a wide variety of synthetic methods under
catalysis of Fe, Ni, Cu and Pd has been established, covering
even less activated electrophiles such as aryl chlorides or car-
bamates while operating under mild conditions.”

Despite numerous contributions towards the coupling of
electronically deactivated electrophiles, the usage of sterically
demanding aryl (pseudo)halides has been much less studied.
Compared to other cross-couplings such as the Suzuki-
Miyaura-coupling, for which ortho-substituted substrates have
been frequently reported,® in C-S couplings, the low reactivity
of the electrophile is more problematic due to the high
binding affinity of thiol(ate)s,” possibly leading to off-cycle
species before catalytic turnover can occur. In addition, if
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competition experiments, isolation of organometallic intermediates and computations.

neighboring groups contain heteroatoms, catalysis can be
hampered by coordination to the catalyst. Whereas aryl thiols
seem to be less problematic and have been more frequently
reported (Scheme 1A),'° only few protocols operating under
palladium catalysis can tolerate sterically demanding electro-
philes in couplings with more nucleophilic alkyl thiols.

Such systems have been independently published by the
groups of Nolan,"* Buchwald'® and Hartwig,"* but all of these
protocols still required harsh conditions that are typical for
many C-S couplings (Scheme 1B). The only example for Pd-
catalyzed coupling of bulky aryl halides with alkyl thiols under
mild conditions was presented by Organ.'* However, these

A. Coupling of sterically challenging substrates with aryl thiols
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TM = Ni, Cu, Pd more frequently reported

no dedicated studies

B. Coupling of sterically challenging substrates with alkyl thiols
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This Work: room temperature, broad scope, applications

Scheme 1 Literature overview for the C—S coupling of sterically hin-
dered electrophiles and our objective.
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reports do not primarily focus on sterically challenging sub-
strates, which is why the scope of ortho-substituted halides is
limited to few examples.

Meanwhile, no general efficient procedures exist under
nickel catalysis, with the only recently published exceptions
requiring photoredox conditions."”® This may owe to the
smaller radius of nickel compared to palladium, resulting in
higher steric strain around the metal center. Recently, our
group reported the coupling of aryl chlorides and triflates with
sterically demanding alkyl thiols at room temperature using a
nickel precatalyst containing Xantphos ligand (4,5-bis-(diphe-
nylphosphino)-9,9-dimethylxanthen).'® Aryl triflates not only
showed superior reactivity, but can also be accessed from the
corresponding phenols, a widely available and naturally abun-
dant substance class. Nevertheless, substituents in ortho-posi-
tion were not tolerated even at higher temperatures with ortho-
methyl as the only exception. Consequently, we envisioned the
development of a nickel-catalyzed procedure that would allow
for the synthesis of sterically hindered aryl alkyl thioethers
(Scheme 1B).

Results and discussion

In the beginning of our investigations, 2-biphenyl trifluoro-
methanesulfonate (2-PhPhOTf, 1a) was chosen as the model
substrate in the coupling with n-heptane thiol (2a). In previous
projects we found the inorganic base KOAc explicitly suitable
for mild C-S couplings and decided to take advantage of this
reactivity again. The earlier used precatalyst (Xantphos)Ni(o-
tolyl)Cl, as well as a catalytic system consisting of Ni(cod), and
Xantphos proved ineffective, thus a ligand screening was per-
formed (Scheme 2). It revealed, that bidentate triaryl phos-
phines with wide bite-angles were necessary for this reaction.
Other ligand classes such as N-heterocyclic carbenes, biden-
tate alkyl-, monodentate aryl and alkyl phosphines or biden-
tate N-ligands were generally ineffective (for detailed screening
information, see ESI, Table S1}). Of all ligands tested,
DPEphos (bis[(2-diphenylphosphino)phenyl] ether, L1), as well
as ferrocene derivative dppf (1,1’-bis(diphenylphosphino)ferro-
cene) showed the highest reactivity, while other ligands led to
no conversion to the product. For further investigations,
DPEphos was chosen for its higher economic efficiency com-
pared to dppf. Since bulky substrates would imply steric strain
on the metal center, we hypothesized that the ligand needed
to be flexible in the backbone, which was represented by the
large difference in reactivity between more rigid Xantphos and
more flexible DPEphos.'”

Having identified a suitable catalytic system, other reaction
parameters were investigated. Conveniently, lowering the reac-
tion temperature to room temperature did not result in
reduced yields. Surprisingly, the Ni(0)-precatalyst Ni(cod), per-
formed much better than Ni(0)-stilbene. This can be explained
by the challenging oxidative addition that may be more hin-
dered by the coordination of stilbene compared to cod, or the
higher molar ratio of stilbene. To our delight, even tertiary ada-
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Ligand screening:
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Ph DPEphos(10 mol%) Ph
KOAc (1.1 equiv.)
OTf 4 HS—(CH,)e(CHs) S~ (CHa)sCHs
THF, t, 4 h
1a 2a 3aa
1.05 equiv. 95% (GC-FID)

Scheme 2 Optimization of reaction parameters. 2-Biphenyl triflate (1a)
(0.1 mmol), heptane thiol (2a) (1.0 equiv.), KOAc (1.5 equiv.), Ni(4-‘Bu-
stilbene)s (10 mol%), ligand (10 mol%), THF (2 mL), 60 °C, 16 h. For
monodentate ligands, 20 mol% were used. Yield and conversion were
determined by GC-FID using pentadecane as internal standard.

mantane thiol (2b) gave excellent yield at room temperature
with a short reaction time of two hours (for kinetic investi-
gation see ESI, Fig. S11) and therefore this bulky thiol was
chosen as model substrate for further studies. Remarkably,
conversions were close to yields and unreacted aryl triflate
could be recovered. This was generally the case for most sub-
strates presented in both aryl triflate and alkyl thiol scope
(vide infra). For ligands that gave no product, the conversion
was usually ~10%, indicating that oxidative addition had
occurred, but further catalytic steps were not supported.

With these optimized conditions in hand, the substrate
scope with respect to electrophiles was explored (Scheme 3).
The isolation of previously screened 2-biphenyl thioether 3ab
was successful in excellent yield. Simple alkyl substituents
with increasing steric demand showed high yields of 3bb and
3cb, while an ortho-tert-butyl group in 3db proved more chal-

This journal is © the Partner Organisations 2024
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Scheme 3 Substrate scope with respect to aryl triflates. Standard conditions: 1 (1 mmol), 2b (1.05 equiv.), KOAc (1.1 equiv.), L1 (10 mol%), Ni(cod),
(10 mol%), THF (2 mL), rt, 4 h. Isolated yields. @2 h. 100 °C, 16 h. < GC-MS. 9 Tetradecane thiol (1.05 equiv.) instead of 2b. L2 (10 mol%) instead of

L1.760°C.96 h.

lenging, giving poor yield even under harsher conditions. An
allyl substituent of 3eb was tolerated in excellent yield, leaving
the double bond intact. Despite these promising results, aryl
triflate 1f bearing two ortho-methyl groups gave no yield with
the catalytic system discussed above. Thus, we further opti-
mized towards the coupling of this highly challenging sub-
strate and found ligand dppbz (1,2-bis(diphenylphosphino)
benzene, L2) competent for this transformation, albeit only
primary thiols could be used, and higher temperature was
necessary. Using these modified conditions, thioether 3fc was
formed in modest, but still synthetically useful yield, especially
since the starting material can be recovered. The synthesis of
disubstituted thioether 3gb derived from 1,2-phenyl ditriflate
was possible in high yield without raising the catalyst loading.
Next, electron-withdrawing functional groups were investi-
gated. The trifluoromethyl-substituted thioether 3hb was
obtained in good yield, while nitrile 3ib gave excellent yield.
Remarkably, biselectrophile 3jb with a chloro-substituent gave

This journal is © the Partner Organisations 2024

the desired monosubstituted product in good yield. When we
moved towards substrates bearing functional groups with
potentially coordinating ability in ortho-position, L1 gave little
to no product. To our surprise, L2, which was previously used
for the coupling of 2,6-dimethylphenyl triflate (1f), performed
well with these substrates. Accordingly, acyl 3kb as well as
ester 31b groups were feasible when using dppbz (L2), although
slightly elevated temperatures were necessary. Strikingly,
boronic ester substituted triflate 1m was converted in high
yield, possibly enabling subsequent functionalization of 3mb
by orthogonal cross-coupling protocols. Conveniently, a neigh-
boring methoxy group, which is commonly present in numer-
ous bioactive phenols,'® gave the acetovanillone-derived
thioether 3nb in excellent yield. Although heterocycles
occasionally needed slightly more forcing conditions (longer
reaction times or higher temperatures), thioethers with pyri-
dine (30b), quinoline (3pb), thiophene (3qb), chromanone
(3rb) and benzodioxol (3sb) functionalities were furnished in
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high yields even when using the corresponding bromide
instead of triflate. Notably, amine- and amide-substituted tri-
flates showed no conversion to the products in this reaction
(3tb and 3ub), probably due to strong chelating effects.
However, suitable protecting groups could render nitrogen-
containing groups feasible, but would require additional
optimization. Finally, the thioetherification of triflates 1v-1x
demonstrated the possibility to employ substrates derived
from biologically active phenols or natural products, though
higher temperatures and longer reaction times were generally
required, which can be explained by the low solubility of such
compounds. Synthesis of thioether 3xb also highlights the
possibility to obtain sulfur bioisosteres of well-known drug
molecules, such as Febuxostat. In addition, 1-pyrene triflate 1y
was subjected to the reaction, showcasing the possibility for
functionalization of motifs relevant for functional materials.
Subsequently, the scope of alkyl thiols was investigated
(Scheme 4). Surprisingly, primary and secondary thiols initially
gave diminished yields compared to sterically more demand-
ing adamantane thiol (2b), which can be ascribed to the stron-
ger poisoning effect of sterically less hindered thiols. This
effect was not present in preliminary screening experiments,
probably due to lower concentration of thiol in the reaction
mixture. Fortunately, lowering the thiol concentration by
adding more solvent combined with slower addition of thiol
resulted in the formation of primary alkyl thioether 3ac in
78% isolated yield. Using this slightly modified procedure,
simple primary, secondary and tertiary alkyl thiols 2c-e were
coupled in high to excellent yields, clearly favoring higher sub-
stituted thiols. In the thiol moiety, functional groups such as
ester, ketone and cyclic ether were tolerated, although yields of

Ni(cod), (10 mol%)

Ph orr L1 (10 mol%)
KOAc(1 1 equiv.)
[j v
THF (4 mL), rt, 4 h
1a 2
1.0 mmol 1.05 equiv.
0P G GO
3ab, 93% 3ac, 78% 3ad, 83%
Ph Ph Ph
Sj< S\/\H/O\ s\é
3ae, 92% 3af, 41% 3ag, 66%
Ph
Ph Ph
S
S CO,Me \4/ S
'Y fj ]
hig 0
[¢]
3ah, 52% 3ai, 15% 3aj, 71%

Scheme 4 Substrate scope with respect to alkyl thiols. Standard con-
ditions: 1a (1 mmol), 2 (1.05 equiv.), KOAc (1.1 equiv.), L1 (10 mol%), Ni
(cod), (10 mol%), THF (4 mL), rt, 4 h. Isolated yields.
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3af, 3ag and 3aj were lower when the functionality was in close
proximity to the thiol group. Contrary to the aryl triflate scope,
yields with these thiols could neither be improved by employ-
ing L2 nor by higher temperatures. The cyclopropyl group in
3ah was compatible with the method but showed modest
yield. Azetidine 3ai only gave poor yield, which could be
explained by poisoning by the carbamate. Aryl thiols were not
compatible with this method.

Aiming for a better understanding of the reactivity in this
system, competition experiments were performed.'® Accordingly,
the expected reactivity order between halogens OTf ~ Br > Cl was
revealed by intermolecular competition (Scheme 5A). In an intra-

A. Intermolecular competition of aryl (pseudo-)halides

Ph Ph Ph
©/X + ©/ Y standard conditions @/S@

Conversion (GC -FID):

sacalicucalicaes

62% 41% 88% 20% 78% 15%

B. Intramolecular competition

X OTf standard
cond/tlons
X=Br:1z 1z Y=Br 3zb,<10% b
X = Cl: 1A Y=OTf 4zb,n.d. 32bb;;30%
1A: Y=Cl 3Ab, 56%" 3Abb, n. d.

Y =OTf 4Ab,n.d.
C. Steric vs electronic discrimination

Ph cl
©/OTf 4+ /©/ standard conditions

93% 3%

D. Ni(ll)-precatalyst instead of Ni(cod),

Ni(OAc), (10 mol%)

L1 (10 mol%)
KOAc (1.1 equw
Zn 1 0 equiv.)
2b 3ab, 91%°

THF, 60 °C, 16 h

E. Upscale reaction using reduced catalyst loading

Ni(cod), (5 mol%)

Ph L1 (5 mol%) Ph
otf /@ KOACc (1.1 equiv.) S
HS THE, it, 4 h
2b 3ab, 84%°
5 mmol 1.34g

Scheme 5 Further exploration of reactivity in the C-S cross-coupling
of (pseudo)halides with alkyl thiols. Standard conditions: aryl (pseudo-)
halides (each 0.2 mmol), 2b (1.05 equiv.), KOAc (1.1 equiv.), L1 (10 mol%),
Ni(cod), (10 mol%), THF (2 mL), rt, 4 h. Yields and conversions were
determined by quantitative GC-FID unless stated otherwise. ? Isolated
yield.
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molecular competition, chemoselectivity between OTf and Br was
even less expressed, and the disubstitution product 3zbb was
favored. Yet, chemoselective monosubstitution was possible
between OTf/Cl yielding thioether 3Ab in good yield (Scheme 5B).

Further results of intramolecular competition were pre-
viously observed in the investigation of scope for 1,2-biselectro-
philes (Scheme 3, 3gb and 3jb). Next, sterically hindered tri-
flate 1a was subjected to coupling in the presence of the elec-
tronically less reactive 4-chloro toluene to compare the influ-
ence of both factors (Scheme 5C). Interestingly, the higher
reactivity of C-OTf bond can overcome the steric hinderance
caused by an ortho-phenyl group, leaving 4-chloro toluene
almost unreacted. Furthermore, the air-sensitive Ni(cod),
could be replaced by Ni(OAc), under reductive conditions
(Scheme 5D), greatly improving the cost-efficiency of this reac-
tion as well as enabling storage of all reagents under bench-
top-conditions. However, longer reaction times and heating
were required for the activation of the precatalyst. Upscaling of
the model reaction to 5 mmol proceeded without issues and
delivered 1.34 g of thioether 3ab (Scheme 5E).

Intrigued by the substrate-depending demand for different
ligands, we thrived to get a better understanding of the
mechanistic steps, especially compared to our previously devel-
oped Ni/Xantphos catalytic system.'®*” In these studies, the
coordination and deprotonation of the thiol was identified to
be the likely slowest step, operating in a concerted-metalation-
deprotonation (CMD)-like fashion.?® Since this was only com-
puted for unsubstituted aryl chlorides, we questioned how the

A. Oxidative Addition
_\ t
(0]
thP\ /Pth
Ni
o]
vl

O=¢
O” CF3
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mechanism would differ when introducing ortho-substituents.
The lower BDE of aryl triflates compared to chlorides and the
high steric demand of the herein presented substrates should
exhibit opposite effects on the reactivity.

Reductive elimination, though, would be presumably facile
in this system as the relief of steric strain acts as the driving
force and was therefore not further investigated. Hence, DFT
computations were performed to study the steps of oxidative
addition (OA) and thiol coordination and deprotonation (TCD,
Fig. 1).2! The computed barriers were AG;,, = 4.3 kcal mol™
and AG%CD = 9.8 keal mol ™", indicating that oxidative addition
occurs more easily, showcasing the high reactivity of triflates
even in a constrained environment. In contrast, the coordi-
nation of the bulky thiol required a higher activation barrier.
Since we were unable to determine the transition state for the
acetate coordination to B due to more complex effects such as
salt precipitation and solubility, no rate-determining state
could be identified. However, the mechanism of the OA and
TCD were studied more detailed to elucidate the proceeding of
the reaction despite the high steric strain around the nickel
center aiming to rationalize the need for flexible ligands.
Generally, oxidative addition of Ni(0) into aryl triflates is com-
putationally poorly investigated with most reports focusing on
sulfonamides or esters.”” The reported mechanisms differ
between Sy2-like, 3- or 5-centered transition states.* Our com-
putations indicated an Sy2-like mechanism for the oxidative
addition (TS,_g), while competing pathways showed higher
energy barriers. Presumably, the steric pressure would render

B. Base-Assisted Thiol Coordination

t
AL &
o o
o5 Ll
aa” Ad’

Fig. 1 Free energy profile for the oxidative addition and thiol coordination in the cross-coupling of 2-PhPhOTf with HSAd. Structures and energies
were calculated at the M06-L(SMD : THF)/def2-QZVPP//B3LYP-D3BJ/def2-SVP level of theory.
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the Sy2-mechanism more favorable in this case. The barrier of
the oxidative addition, however, is remarkably low, and the
process is strongly exergonic, showcasing the high reactivity of
aryl triflates. Nevertheless, we found the initial precoordina-
tion of the n-system (A) fairly unfavored, but possible due to
the great excess of 1a at the beginning of the reaction (see SI).
The product of the oxidative addition is the [(DPEphos)Ni
(biphenyl)]"-cation (B), which is in accordance with the
obtained crystal structure (vide infra).

Notably, when we moved towards the thiol coordination,
computations pointed out a displacement of one of the phos-
phines from nickel by initial n*-coordination of the acetate,
which is energetically more favorable than the corresponding
n'-structure, demonstrating a major difference to previous
results.'®® However, structure C-II could be energetically
favored due to reduced steric strain. A similar n'-coordination
of DPEphos was previously demonstrated on sterically
demanding Cu-complexes.>® Simultaneously to the acetate
switching back to n'-coordination, the free coordination site
trans to the loosely bound phosphine is occupied by the thiol,
followed by proton transfer to acetate. In the transition state, a
complete dissociation of the previously displaced phosphine is
observed with the now inactive arm of L1 rotated away from
nickel (TSc_p). Competing bidentate transition-states could not
be located. Essentially, L1 appears to act as monodentate
PPh;-like ligand during the step of thiol coordination and
deprotonation. This feature of bidentate phosphine ligands
was previously proposed from the group of Doyle for the
nickel-catalyzed Suzuki-Miyaura coupling of sterically hin-
dered substrates.”> This proposed mechanism could explain
the large difference in reactivity between the otherwise similar
Xantphos and DPEphos (L1). Analysis of the intrinsic reaction
coordinate (IRC) revealed that the reactive mode of the tran-
sition state corresponds to a H'-transfer from thiol to acetate

View Article Online
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while all other bonds remained almost unchanged. We
additionally found energy minima shortly after the transition
state, where the proton is bound to the acetate, but still exhi-
bits weak H-bond interactions to the sulfur atom. As soon as
the H'-transfer from thiol to acetate is complete (D), acetic
acid is displaced by the phosphine, leading to structure E,
from which product formation will eventually occur via reduc-
tive elimination (not shown). This interplay demonstrates the
need for a specific ligand that is both bulky and flexible to
protect sensitive intermediates by steric repulsion, but allows
for the generation of additional coordination sites, when
necessary. The Gibbs Energy of the overall reaction was com-
puted to amount to —45.2 keal mol ™.

Encouraged from these findings, we sought to obtain
additional indices for the mechanism, e.g. isolating the
product of oxidative addition to Ni(0). It is a known issue that
addition of bidentate phosphine ligands to Ni(cod), can lead
to mixtures of Ni(cod),, (P"P)Ni(cod) and (P"P),Ni. (P"P),Ni is
considered a catalytic sink, which will not engage in oxidative
addition.*® In accordance with previous reports,”® we only
observed NMR-signals for (DPEphos)Ni(cod) upon mixing a
1:1 ratio of DPEphos and Ni(cod),. However, when adding 1
equiv. of 2-PhPhOTf (1a), no reaction was observed after
1 hour. We speculated that the aryl triflate would initially bind
with its m-surface, meaning that it must displace cod in an
equilibrium, which could be shifted by using an excess of aryl
triflate. Accordingly, complex Nil was isolated as a fine orange
powder (Scheme 6A), and characterized by NMR, HR-MS and
X-Ray analysis. The obtained connectivity of Nil showed a dis-
torted square-planar complex that crystallized as a cation due
to the moderate coordination ability of the triflate counter-
ion.”” Consequently, the reactivity of complex Nil was further
investigated. Thus, the reaction of Nil with 1.05 equiv. ada-
mantane thiol (2b) in the presence of KOAc yielded coupling

A. Oxidative Addition of 2-Ph-PhOTf to Ni®

Ph OTf
— oTf
2 . (0}
. 1a) (5.0 equiv.)
L1 (1.0 equiv.) N/ ( PhoP PPh
Ni(cod), o N 2N |/ 2
toluene, rt, 15 min / / toluene, rt, 4 h =N Ni
PPh, R
Ni1, 85%°
31p: § = 32.2 ppm 8=7.2 ppm
B. Stochiometric Reaction of Ni1 with HSAd C. Catalytic Activity of Ni1
OTf
O HSAd (2b) (1.05 equiv.) Ph Ph Ni1 (10 mol%) Ph
Ph,P. PPh KOACc (1.1 equiv) KOAc (1.1 equiv.)
27 ‘/ 2 SAd OTf  ,  Hsad SAd
‘ Ni THF, 1, 2 h THF, rt, 4 h
O 3ab, 69%° 1a 2b 3ab, 96%°
without KOAc: 55%°

Ni1

Scheme 6

Isolation and reactivity of oxidative addition product Nil. The ORTEP of Nil was obtained by X-Ray diffraction of suitable crystals.

Thermal ellipsoids are shown at 50% propability and hydrogen atoms are omitted for clarity. @ Isolated yield. ° Yield determined by quantitative

GC-FID using pentadecane as internal standard.
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product 3ab in 69% yield (Scheme 6B). In absence of base, the
reaction gave slightly lower yield, which can be explained by
reduced efficiency of the thiol coordination and deprotona-
tion. Furthermore, Nil could be efficiently employed as an
active catalyst in the standard reaction (Scheme 6C), indicating
that Nil1 was indeed an intermediate of the catalytic cycle. We
thus propose that the reaction proceeds via the typical Ni%/Ni"-
cycle that has been previously proposed in our earlier work.'®*
Although our calculations indicated a flexible n'/n>ligation
state of DPEphos during base-assisted thiol coordination, we
were unable to obtain experimental data to support this
hypothesis.

Conclusions

In summary, we developed the first nickel-catalyzed C-S cross
coupling for aryl triflates bearing substituents in ortho-posi-
tion. Although aryl bromides and, to some extent, chlorides
were feasible substrates as well, the combination of the
superior reactivity of aryl triflates with a flexible ligand (L1)
allowed for the coupling of sterically hindered substrates,
including heterocycles, in high yields. Additionally, a wide
range of functional groups with coordinating abilities, such as
the methoxy group, carbonyls and boronic ester, was tolerated
when using another ligand (L2). Moreover, the synthetic utility
could be demonstrated by the thioetherification of triflates
derived from biologically relevant phenols. Experimental and
computational mechanistic studies supported a Ni’/Ni" cata-
lytic cycle. Furthermore, computations indicated an unusual
switch in the ligation state of the bidentate phosphine, ratio-
nalizing the need for a flexible ligand.
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