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ABSTRACT: We report a mild, fast and convenient catalytic system for the coupling of aryl chlorides with primary, secondary, as 
well as previously challenging tertiary alkyl thiols using an air-stable nickel(II) precatayst in combination with the low-cost base 
potassium acetate at room temperature. This new catalytic system tolerates a variety of functional groups and enables the generation 
of thioethers for a wide range of substrates, including pharmaceutical compounds in excellent yields. Chemoselective 
functionalization of disubstituted substrates was demonstrated. Kinetic and NMR-studies, as well as DFT computations support a 
Ni(0)/Ni(II) catalytic cycle and identify the oxidative addition product as the resting state. Acetate coordination and subsequent 
acetate facilitated formation of a thiolate complex via internal deprotonation play a key role in the catalytic cycle. 

INTRODUCTION 
The metal catalyzed C-S cross-coupling of aryl 

(pseudo)halides and thiols under basic conditions, known as 
Migita reaction, provides an efficient access to thioethers.1 The 
more lipophilic bioisosters of ethers are an attractive structural 
motif in pharmaceutical compounds, agrochemicals and 
materials design.2 Most academic research in the past focused 
on palladium catalyzed reactions3 and the same was true for 
industrial applications,4 but low-cost nickel-catalysts can 
replace the precious metal. This, as well as its intriguing and 
versatile reactivity patterns,5 are the reason why nickel has 
evolved into an intensively researched and popular metal for 
homogeneous catalysis. 

While most nickel-catalyzed C-S couplings were developed 
for the transformation of more reactive aryl bromides and 
iodides,6 the reactions of aryl chlorides remained rare until 
recently (Scheme 1a).7 Aryl chlorides are comparatively more 
challenging to couple, but they are readily accessible 
compounds with a vast range of commercially available 
substrates, which renders them invaluable for organic synthesis. 
Apart from few exceptions such as the trifluorothiomethylation 
by Schoenebeck and co-workers,7b the scope of nickel-
catalyzed couplings of aryl chlorides is often limited, higher 
catalyst loadings and temperatures, stoichiometric additives or 
sensitive organometallic bases are required. The latter was also 
the case in our report on the coupling of aryl chlorides with 
thiols in the presence of organomagnesium or -zinc reagents as 
bases and activating agents.8 Primary and secondary alkyl thiols 
were coupled efficiently, but tertiary thiols reacted with low 
yields.  

The coupling of tertiary thiols remains a challenge in nickel 
catalysis, regardless of the employed coupling partner.9 It is 
performed under harsh conditions in most cases and typically, 
only few substrates are shown, without systematic 
investigation. Notable exceptions are the recent report on the 
coupling of aryl bromides with a Ni-diimine catalyst, by Stefan 

and co-workers,9k and the work by Morandi and co-workers on 
metathesis of thioanisols.9i 

Nevertheless, to the best of our knowledge, there is no 
published efficient coupling of aryl chlorides and tertiary alkyl 
thiols with high yields under mild reaction conditions. 
Therefore, our goal was to develop a general method for the 
nickel-catalyzed coupling of aryl chlorides with primary, 
secondary and especially tertiary aliphatic thiols. We achieved 
this by employing the precatalyst (Xantphos)Ni(o-tolyl)Cl (C1; 
Xantphos = (9,9-Dimethyl-9H-xanthene-4,5-diyl)bis(diphenyl-
phosphane)), first reported by Jamison10 as air-stable, easily 
synthesized Ni(II) precursor,11 together with potassium acetate 
as low-cost and air stable base at room temperature (Scheme 
1b). We present the results of our investigation on the substrate 
scope together with mechanistic studies, which uncovered the 
role of acetate in the catalytic cycle.  
 

Scheme 1. Current challenges for the nickel-catalyzed C-S 
cross-coupling and our approach to tackle them 
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RESULTS AND DISCUSSION 
We began our investigation with the overall goal to find a 

simple and economical catalytic system to render air-sensitive 
transmetalation reagents and high temperatures redundant, by 
using precatalyst C1 and examining various bases (Table 1 and 
Table S1 in the SI). At first, the easier to couple secondary 
cyclohexanethiol (2a) and aryl chloride 1a were tested. To our 
surprise, a large variety of screened bases were successful in the 
cross-coupling at 50 °C, generating thioether 3aa in low to 
moderate yields (entries 1-11). Sodium acetate could be 
identified as suitable base for the C-S cross-coupling providing 
a high yield of 3aa (entry 12).  

Table 1. Base screening for the coupling of the aryl chloride 
1a with cyclohexanethiol 2aa 

 

entry base conversion (%)b yield (%)b 

1 NaOtBu 98 19 

2 Li2CO3 13 10 

3 Na2CO3 60 56 

4 K2CO3 56 52 

5 Cs2CO3 12 9 

6 Zn5(CO3)2(OH)6 68 66 

7 Zn(OPiv)2 34 33 

8 Zn(OAc)2 60 54 

9 Na4P2O7 6 4 

10 Na2HPO4 65 62 

11 Sodium citrate 44 42 

12 NaOAc 89 85 
aReaction conditions: ethyl 4-chlorobenzoate (350 μmol, 
1.0 equiv.), cyclohexanethiol (350 μmol, 1.0 equiv.), base 
(1.5 equiv.), C1 (5 mol%), THF (1 mL), 50 °C, 16 h. bGC-FID 
yields using pentadecane as internal standard. 

Intrigued by the efficiency of sodium acetate we continued 
screening different counterions in the arylation of the more 
challenging adamantanethiol (2b) at room temperature (Table 
2). While no or low reactivity was observed after 2 h using 
lithium and sodium acetates (entries 1, 3), potassium and 
caesium acetates showed excellent performance (entries 5, 6). 
A prolonged reaction time of 16 h led to increased yield with 
sodium acetate, while lithium acetate still performed poorly 
(entries 2, 4). Low-cost potassium acetate was chosen as 
optimal base over the caesium salt for further optimization of 
the reaction conditions (temperature, catalyst loading and 
substrate equivalents; see SI tables S2-S4). Upon optimization, 
1 equiv. of aryl halide, 1.1 equiv. of thiol, 5 mol% C1, 

1.5 equiv. of KOAc in THF at room temperature were identified 
as ideal reaction conditions. 

Table 2. Comparison of acetates in the coupling of the aryl 
chloride 1a with tertiary thiol 2ba 

 

entry base time (h) conversion (%)b yield (%)b 

1 LiOAc 2 4 0 

2 LiOAc 16 5 2 

3 NaOAc 2 20 14 

4 NaOAc 16 86 83 

5 KOAc 2 95 95 

6 CsOAc 2 95 93 
aReaction conditions: ethyl 4-chlorobenzoate (350 μmol, 
1.0 equiv.), adamantanethiol (385 μmol, 1.1 equiv.), acetate 
(1.5 equiv.), C1 (5 mol%), THF (1 mL), rt. bGC-FID yields using 
pentadecane as internal standard. 

Subsequently, the substrate scope as well as functional group 
tolerance were explored with potassium acetate under 
optimized conditions. First, adamantanethiol was used as 
benchmark substrate to test a variety of aryl chlorides (Table 3). 
A wide range of electron-neutral, electron-rich and electron-
deficient meta- and para-substituted aryl chloride derivatives 
could be coupled in good to excellent yields. Various functional 
groups like ethers 3eb, ketones 3fb, esters 3ab, amides 3jb and 
nitriles 3nb were tolerated. The sulfone 4cb was obtained after 
oxidation of 3cb with m-CPBA. For ortho-substituents, only 
low yields of 3rb could be obtained (15%) by employing the 
aryl chloride, whereas the bromide was converted in excellent 
yield (87%), showcasing the more facile oxidative addition. The 
low reactivity of chloride 1r was used for a selective 
functionalization of dichloride 1s to furnish monothioether 3sb 
by steric discrimination.  

Heterocycles, which are important motifs in pharmaceuticals 
and agrochemicals, like pyridine, quinoline, indole, thiazole, 
dioxole, phenothiazine or 4H-chromen-4-one were tolerated 
and afforded the corresponding products 3ub-Bb in good to 
excellent yields. Moreover, the successful sulfenylation of 
pharmaceutically active compounds or their derivatives like 
Loratidin (3Cb, allergy medication), Indometacine ethyl ester 
(3Db, anti-inflammatory drug) and Fennofibrat (3Eb, a drug 
against cardiovascular disease) demonstrates the potential of 
this reaction for the derivatization of bioactive molecules and 
highlights the scope and applicability of the methodology in a 
pharmaceutical context. Notable limitations are aldehyde, acid 
or primary amine functionalities (see SI). 

The substrate scope with regards to the thiol was evaluated 
next, with a focus on the previously challenging tertiary thiols 
(Table 4). Ethyl-4-chlorobenzoate (1a) was used as standard 
electrophile. Primary, secondary and a variety of sterically 
challenging tertiary alkyl thiols were coupled providing the 
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desired thioether in good to excellent yields. Functional groups 
such as ketone 3al, 3am and ester 3an were tolerated. 
Thiocholesterol as a large, bioactive model thiol could be 
converted to 3ap in 72% yield. Moieties like amines and acid 
groups as well as aryl, benzyl and homobenzyl thiols were not 

tolerated so far. The inhibition by thiols containing an aryl 
moiety in certain distances from the sulfur atom might be 
explained by a bidentate coordination of these compounds, 
since arenes can act as ligands for Ni(0) species.12 

Table 3. Substrate scope with respect to aryl chloridesa 

 
aStandard reaction conditions: 1 (1.0 equiv.), 2b (1.1 equiv.), KOAc (1.5 equiv.), C1 (5 mol%), THF (3 mL), rt, 2 h. Yields of 

isolated products unless stated otherwise. bIsolated as sulfone after oxidation with m-CPBA (yield over two steps). cWith 2.1 equiv. 
of 2b. dGC-FID yields using pentadecane as internal standard.

Comparison of the reaction progress for representatives of 
primary (heptane-), secondary (cyclohexane-) and tertiary 
(adamantane-) thiols showed similar reaction rates but a 
significantly longer induction period for the tertiary 

adamantanethiol (1°, 2° ≈ 5 min ; 3° ≈ 15 min, Table 4). This 
period might arise from the involvement of the thiol in the 
activation of C1, which will be discussed later. 
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Table 4. Substrate scope with respect to alkyl thiolsa 

 
aStandard reaction conditions: 1a (1.0 equiv.), 2 (1.1 equiv.), KOAc (1.5 equiv.), C1 (5 mol%), THF (3 mL), rt, 2h. Yields of isolated 

products unless stated otherwise. b 5 mmol, C1 (3 mol%), rt, 30 min. cWith 2 equiv. of 1a. 
Air stability and low cost of the reaction components are 

advantageous for the newly developed system. The reaction is 
operationally simple, and solids can be weighed under benchtop 
conditions before using inert conditions during the reaction. 
The coupling is fast (30 min – 2 h) and takes place at room 
temperature. Upscaling of the reaction in the synthesis of 3aa 
while lowering the catalyst loading (5 mmol, 3 mol% C1, 
30 min), as well as the ability to couple pharmaceutical 
compounds in good to excellent yields render this method 
interesting for possible industrial use. Another advantage is the 
high selectivity with little to no side reactions. Conversion and 
yield correlate for most substrates with max. 5% difference and 
for unsuccessful reactions, the substrates could mostly be 
isolated and reused. 

The identified reaction conditions are versatile and can be 
applied to a variety of electrophiles in addition to aryl chlorides. 
Phenyl bromide, iodide as well as triflate reacted in excellent 
yields (Scheme 2a). Interestingly, tosylates performed poorly. 
To assess the reactivity in greater detail, we subsequently 
undertook inter- and intramolecular competition experiments 
comparing the reactivity of different C-X (X = Cl, Br, I, OTf, 
OTs) bonds. Intermolecular competition experiments between 
the electrophiles showed that every electrophile except tosylate 
reacted preferably to phenyl chloride, with the order PhOTf > 

PhBr > PhI > PhCl when yields were compared after 2 h 
(Scheme 2b). 

The reaction profiles of different electrophiles (Scheme 2c) 
showed an increase of the induction period from PhOTf < PhI 
< PhBr < PhCl and the reaction rate decreasing as followed: 
PhOTf > PhBr > PhCl > PhI, with phenyliodide as unexpected 
exception. Otherwise, the results roughly correlate with the 
expected ease of oxidative addition. The lower reactivity of PhI 
could be explained with Schoenebeck’s13 observation that for 
nickel-catalyzed reactions with aryl iodides more off cycle Ni(I) 
species are formed and the catalysis is slower. 

Intrigued by the intermolecular selectivity and inspired by 
literature reports on chemoselective Pd-14 and Ni-catalyzed15 
couplings, we decided to examine if related transformations are 
possible with our system. Introducing substrates with two or 
more (pseudo)halide functionalities can enable selective, 
sequential reactions to generate complex functionalized target 
compounds or products with an intact and reactive functional 
group. Therefore, several 1,4-dielectrophilic substrates were 
subjected to intramolecular competition experiments (Scheme 
3a). 
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Scheme 2. Reactivity of electrophiles and intermolecular 
competition experimentsa 

 
aGC-FID yields with pentadecane as internal standard.  

No significant selectivity for monofunctionalization was 
observed between two different halides C-Cl vs. C-Cl, C-Br and 
C-I. The difference in reactivity was not sufficient enough 
under standard conditions, although the more reactive C-X 
bond was functionalized preferentially (only 3-X as 
monosubstituted product, no 3-Y can be observed), following 
the typical reactivity order of arylhalides toward oxidative 
addition with ArI > ArBr > ArCl. Unfortunately, the 
difunctionalized product 3-XY was obtained as well, explaining 
the lower conversion of electrophile 1.  

In contrast, a higher chemodivergent selectivity could be 
observed in a C-OTf selective functionalization in the presence 
of C-Cl bonds. Under standard reaction conditions 
monofunctionalization at the C-OTf site yielded thioether 3Fb 
(70%) in a mixture with difunctionalized product (14%) and 
remaining starting material (16%). Additionally, 
chemoselective couplings of C-Cl (89%) and C-OTf (94%) 
bonds in the presence of tosylate substitent, which is relatively 
inert under the employed reaction conditions, generated the 
corresponding monothioether in excellent isolated yields. In 
these cases, the GC-FID analysis of the crude mixture was 
hampered by detectability of the substrates and 
monosubstituted products, but no disubstituted compound nor 
the product of single C-OTs sulfenylation were observed after 
isolation or on GC-MS. C-Cl selectivity in presence of C-OTs 

bonds is typical for Ni(0).16 The usefulness of the preferential 
activation of one particular C-X bond was further demonstrated 
in two sequential C-S couplings of biselectrophilic substrates 
1F and 1G (Scheme 3b). Surprisingly, tosylate could be 
converted under higher temperature with longer reaction time. 
The sequence was also successfully performed in one-pot 
fashion for both substrates. No additional catalyst was needed 
in the second step.  
Scheme 3. Intramolecular competitions of biselectrophiles 
and application in sequential transformationa  

 
aGC-FID yields with pentadecane as internal standard, unless 
otherwise noted. bNot determined due to detection difficulties by 
GC-FID. cIsolated yields. dCaluclated yields/GC-MS. 

Next, we pursued mechanistic investigations of our catalytic 
reaction. Several experiments with radical scavengers (2 equiv.) 
were performed (see SI, Table S3). The reaction was suppressed 
in the presence of TEMPO (2,2,6,6-tetramethylpiperidinyloxyl) 
and galvinoxyl radical, which are also known to react directly 
with Ni(0) species.17 On the other hand, the reactions with BHT 
(butylated hydroxytoluene) and 9,10-dihydroantracene 

Cl Br I OTf

81% 89% 95% 96%

Cl Br

GC 
conv.: 9% 95%

Cl I

1% 95%

Cl OTf

0% 92%

+
THF, rt, 2 h

C1 (5 mol%)
KOAc (1.5 equiv.)

HS
S

X

a) Comparison of electrophiles (1 equiv. of 1 (Y = H) + 1.1 equiv. of 2b)

1 2b 3

OTs

Isolated yield:

b) Intermolecular competition (1 equiv. of 1-1 (Y = H) + 1 equiv. of 1-2 (X = H)  
                                                 + 1.1 equiv. of 2b)

Cl OTs

98% 0%

c) Reaction progress

94% 99% 91% 99% <5%GC yield:

0

20

40

60

80

100

0 5 10 15 20 25 30

yi
el

d 
[%

]

time [min]

PhOTf PhI PhBr PhCl

Cl

Br

Cl

Cl

Cl

OTf

Cl

I

OTs

Cl

     conv. 1:
 yield 3-X:

3-Y:
3-XY:

OTs

OTf

a) Intramolecular competition (1 equiv. of 1 + 1.1 equiv. of 2b)

67%
34%
0%
33%d

68%
43%
0%
25%d

63%
53%
0%
10%d

84%
70%
0%
14%d

n.d.b

89%c

0%
0%

n.d.b

94%c

0%
0%

SR

Y

3-X X

SR

3-Y SR

SR

3-XYX

Y

1

2b
+ +

Cl

OTf S

Cl

3Fb 70%

THF, rt, 2 h

2b (1.1 equiv.)
C1 (5 mol%)

KOAc (1.5 equiv.)

1F

OTs

Cl S

OTs

S

S

3Gb 89% 5 75%

THF, rt, 2 h

2b (1.1 equiv.)
C1 (5 mol%)

KOAc (1.5 equiv.)

1G

THF, 55 °C, 16 h

2g (2 equiv.)
C1 (5 mol%)

KOAc (1.5 equiv.)

5 quant.

THF, rt, 2 h

2g (1.1 equiv.)
C1 (5 mol%)

KOAc (1.5 equiv.)

Cl

OTf

1F

2b (1.1 equiv.) 
C1 (5 mol%)

KOAc (1.5 equiv.)
THF, rt, 2 h

S

S

5

then 2g (1.1 equiv.)
KOAc (1.5 equiv.)

rt, 2 h, 83%

OTs

Cl

1G

2b (1.1 equiv.)
C1 (5 mol%)

KOAc (1.5 equiv.)
THF, rt, 2 h

then 2g (1 equiv.)
KOAc (1.5 equiv.)
55 °C, 4 h, 49%

b) Sequential chemoselective coupling

c) One-pot - sequential chemoselective coupling

S

S



 6 

proceeded smoothly, providing 82% and 85% yields of 
thioether product, respectively. These observations as well as 
the lack of paramagnetic signals in NMR experiments (Figures 
3,4) lead to the assumption that a 2-electron mechanism with a 
Ni(0)/Ni(II) catalytic cycle is more likely. Cycles proceeding 
via alternative pathways, including single electron transfer steps 
cannot be ruled out completely, but they were not further 
considered. 

In order to better understand the mechanism and the unique 
role the acetate plays,18 we performed DFT computations with 
the ORCA 4 electronic structure code.19 All structures were 

optimized with the B3LYP(VWN-3) hybrid density 
functional20 in combination with Grimme’s D3-disperision 
correction (with zero-damping)21 and a def2-SVP basis set,22 
which treats all electrons explicitly (without an effective core 
potential). Furthermore, the electronic energies were refined by 
computing M06-L single point energies23 with the prodigious 
def2-QZVPP basis set and solvation effects were accounted for 
implicitly using the SMD model24 with THF as a solvent. 
Comparable levels of theory have previously been employed for 
the computational assessment of other Ni-catalyzed reactions.7b 
The obtained results are displayed in Figure 1.  

 
Figure 1. Free energy surface of the Ni-catalyzed cross-coupling reaction with methanethiol as a model nucleophile and chlorobenzene as 
the electrophile at the M06-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP level of theory. Only selected atoms of the Xantphos ligand 
are displayed and all carbon-bound hydrogens are omitted for clarity.

We were particularly interested in the role of the acetate both 
during the activation of the one-component Ni(II) precatalyst 
C1 and during the active catalytic cycle. C1 and the on-cycle 
oxidative addition product VI have a similar structural motive 
[LNi(II)ArCl], therefore activation of the catalyst and on-cycle 
catalysis share the same steps. Assuming the involvement of the 
metal during the deprotonation step and ligand exchange, Ni(II) 
complexes with acetate as a ligand were optimized.25 Two 
isomeric complexes, η1-I and η2-I [LNi(II)ArOAc] were 
localized, in which the acetate acts as a mono- and bidentate 
ligand, respectively. The η1-I complex roughly assumes a 
distorted square-pyramidal geometry, in which both 
phosphorus atoms occupy equatorial positions across from each 
other at almost equal distances (~2.2 Å), while the oxygen atom 
of Xantphos sits in the apical position. In contrast, this oxygen 
atom is unbound in the 3.9 kcal mol−1 less stable η2-I complex 
and one of the phosphorus donors is less tightly bound at a 
distance of 2.4 Å. This opens the possibility for the thiol 

coupling partner to attack the metal center trans to the loosely 
bound phosphorus arm of the ligand. Using methanethiol as a 
model nucleophile, we were able to localize the transition state 
TS-PT at an energy of 16.2 kcal mol−1. The reactive mode of 
the transition state mainly corresponds to a contraction of the 
Ni−S distance and an elongation of one of the Ni−O bonds to 
the acetate. As confirmed with the help of intrinsic reaction 
coordinate (IRC) computations, the reactive motion is 
consistent with an insertion of the SH-moiety into an Ni−O 
bond. However, we were unable to localize a minimum energy 
structure, in which the proton is still bound to the sulfur atom 
when thiolate and acetate are both coordinated to the nickel 
center suggesting that the transition state structure TS-PT 
corresponds to a metal-mediated proton transfer reaction. The 
resulting complex II is approximately square-planar and the 
second P-donor is remote from the coordination center (3.2 Å). 
Rebinding of the latter and dissociation of acetic acid in a not 
further elucidated order of events affords thiolate complex III 



 7 

[LNi(II)ArSMe] at an energy of 4.2 kcal mol−1. Therefore, the 
generation of thiolate complex III is modestly uphill but 
provides the possibility of product formation. The presumably 
interfering production of phenyl acetate by reductive 
elimination in I is not competitive since this process is 
associated with a prohibitive activation barrier of 
44.0 kcal mol−1. However, the reductive elimination of the 
thioether product 3bq from complex III is activated by only 
10.9 kcal mol−1 in another uphill reaction step. The thioether is 
initially still bound to the resulting Ni(0) complex IV, but can 
be replaced by the chlorobenzene (1b). From there, facile 
oxidative addition under formation of complex VI provides 
sizable 28.1 kcal mol−1 of driving force to the reaction. The 
generation of complex I from VI and potassium acetate is 
difficult to describe computationally since it might involve the 
precipitation of potassium chloride in a salt metathesis reaction. 

The corresponding proposed catalytic cycle is depicted in 
Scheme 4. After activation of precatalyst C1, generation of the 
active Ni(0) species (shown without the coordinated 
electrophile) and oxidative addition of the aryl halide, the 
intermediate VI is formed. It further undergoes a ligand 
exchange with potassium acetate generating I and precipitating 
KCl via salt metathesis. Subsequent acetate promoted 
deprotonation of the metal precoordinated thiol leads to 
intermediate III [LNi(II)ArSR]. This step (via intermediate II) 
is analogous to the CMD (concerted metalation-deprotonation) 
mechanism occurring in C-H activation processes.26 Finally, III 
undergoes reductive elimination to yield the product and to 
regenerate the active Ni(0) catalyst.  
Scheme 4. Postulated mechanism via acetate-assisted 
catalysis 

 
Several kinetic studies were conducted with electronic 

modifications of the electrophile (aryl chloride) and ligand, as 
well as steric modifications of the nucleophile (thiol) in order to 
analyze and compare initial periods, reaction rates and overall 

yields. The reaction profiles of varying thiols are depicted 
within Table 4. Similar reaction rates for primary, secondary 
(both krel = 0.95) and tertiary thiols (krel = 1.0, see SI) indicate 
that the thiol is not relevant during the rate determining step or 
that its steric adaptations do not have any influence. However, 
a significantly longer initial period was observed for the tertiary 
thiol (1°, 2° = 5 min. 3°= 15 min.), which can be explained 
through the involvement of thiol during the activation of 
precatalyst C1. Due to the ortho-substituent on the aryl 
coordinated to nickel in C1, an increase in steric strain could 
disfavor the formation of III-A [LNi(II)ArSR], especially with 
a tertiary thiol. Low yield observed for the ortho-methyl 
substituted arylchloride 3rb, in which the on-cycle intermediate 
III equals the activation intermediate III-A supports this 
theory. 

Another hint supporting the hypothesis that the activation of 
C1 is responsible for an increase of the initial period is the use 
of Ni(cod)2 and Xanthphos as catalyst system, for which only a 
short induction period (< 2 min, Figure 2c in grey) was 
observed. The thiol is not involved in the in-situ generation of 
the active catalyst from a nickel(0) source. 

In order to gain further insight into the mechanism and rate 
limiting step, Hammett studies were performed analyzing the 
influence of varying substituents on the ligand and electrophile 
on the reaction rate after the induction period (Figure 2, see SI 
section 6.1).27 The series of experiments with modified aryl 
chlorides (p-OMe, p-Me, p-H p-CO2Et, p-CF3) showed an 
impact of electronic properties on the reaction rate. Excluding 
the CF3-substituent, a linear correlation with the σp Hammett 
constant was observed (ρ = 0.46, R2 = 0.96) indicating that 
electron-withdrawing substituents increase the reaction rate to 
a specific point. The low ρ value is in agreement with the DFT 
calculation, indicating that the oxidative addition is not the rate 
determining step. However, the reaction rate decreased for 
highly electron deficient trifluoromethyl-substituted substrate 
(ρ = - 3.71). This indicates a change in mechanism, the rate 
determining step or different overall contributions. 

The second Hammett study included adaptations of the 
electronic properties of the Xantphos ligand (p-OMe, p-Me, 
p-H, p-CF3), which were tested with Ni(cod)2 as catalyst 
precursor via in-situ catalysis (Figure 2 c,d). Electron-donating 
substituents on the ligand increased the reaction rate (ρ = 1.68, 
R2 = 0.83), but the p-CF3-substituted ligand did not yield any 
product. Electron-donating ligands are known to stabilize 
higher oxidation states and promote the oxidative addition,28 but 
the interpretation is complicated due to multiple factors. The 
reaction performed with defined catalyst C1 is faster compared 
to the Xanthphos/Ni(0) system. The lower reaction rate for 
Ni(cod)2 can be explained by the presence of cod, which was 
found to suppress oxidative addition during catalysis by 
coordinating and stabilizing the active Ni(0) catalyst rendering 
it less reactive.7b, 29 Therefore the result of the Hammett analysis 
with Ni(cod)2 as nickel source might not be completely 
adaptable to our catalytic system, as the additional cod might 
change rates of the elemental steps and disfavor the oxidative 
addition. 
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Figure 2. Kinetic and Hammett analysis. For reaction conditions, see SI.

To gain further insight into the mechanism, the standard 
reaction of 1a with 2b was followed by 31P{H} NMR (Figure 3, 
SI section 6.2). After 5 minutes, signals of the employed 
precatalyst C1 (two different geometries, 6.55 and 1.43 ppm),10 
free Xantphos (-18.20 ppm) and a new signal at 7.02 ppm were 
detected, which can be assigned to the oxidative addition 
intermediate VI [LNiArCl]. The signal could be reproduced by 
an isolated complex from a mixture of Ni(cod), Xantphos and 
1a (Figure 3-2). After about 30 minutes, two broad doublets 
appeared at 9.31 and 8.24 ppm, presumably the Ni(Xanthphos)2 
complex. The signal was reproduced by the addition of Ni(cod)2 
and 2 equiv. of Xantphos (Figure 3-7). The complex has not yet 
been characterized in the literature, but it was previously 
identified as a catalyst sink.30 Corresponding data for the 
analogous Pd complex is known from the literature and shows 
similar signals.31  

Crystallization of the catalytic intermediates was not 
successful, yet. However, we were able to follow and compare 
the formation of a series of oxidative addition complexes VI 
[LNiArCl] in the catalytic transformation of three electron-poor 
aryl chlorides (Figure 4). Variation of para-substituents on the 
aryl chloride for the on-cycle generation of the oxidative 
addition product shows a shift in the 31P{H} signals correlating 
to the Hammett value (CO2Et σp = + 0.45, 7.02 ppm; CF3 σp = 
+ 0.54, 7.47 ppm; SO2Me σp = + 0.73, 7.69 ppm). These signals 
could be reproduced in a reaction of Ni(cod)2, Xantphos and the 

corresponding aryl chloride. The experiments suggest that the 
oxidative addition product is the resting state of the catalytic 
cycle, which is in line with previous observations and our DFT 
computations. (for further NMR spectra, see SI section 6.2.). 

 
Figure 3. 31P{H} NMR spectra for the reaction progress of a 
standard reaction with 1a and 3b (3-6). With additional comparison 
spectra (1,2,7). 
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Figure 4. 31P{H} NMR spectra of oxidative addition intermediates 
detected in the transformation of various electrophiles. Signals at 
6.55 ppm and 1.43 ppm correspond to C1. 

CONCLUSION 
An operationally simple and mild nickel-catalyzed coupling of 
aryl chlorides with aliphatic thiols at room temperature was 
developed. Key feature is the combination of a defined air stable 
Ni(II) precatalyst and potassium acetate as base, without the 
need for further additives. A large variety of functional groups 
was tolerated, and complex pharmaceutically relevant 
compounds were functionalized. Chemoselective coupling of 
tertiary thiols with triflates in the presence of C-Cl and C-OTs 
bonds, as well as with chlorides in presence of C-OTs bonds 
was achieved. The conducted kinetic and NMR studies as well 
as DFT computations support a Ni(0)/Ni(II) catalytic cycle with 
the oxidative addition product as resting state and acetate 
playing a key role in the formation of a thiolate complex via 
internal deprotonation. 
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