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R' = functional group
CyPF-tBu (1)

The cross-coupling reaction of aryl bromides and iodides with aliphatic and aromatic thiols catalyzed by
palladium complexes of the bisphosphine ligand CyPF-/Bu (1) is reported. Reactions occur in excellent
yields, broad scope, high tolerance of functional groups, and with turnover numbers that exceed those of
previous catalysts by 2 or 3 orders of magnitude. These couplings of bromo- and iodoarenes are more
efficient than the corresponding reactions of chloroarenes and could be conducted with less catalyst loading
and/or milder reaction conditions. Consequently, limitations regarding scope and functional group tolerance
previously reported in the coupling of aryl chlorides are now overcome.

I. Introduction

Palladium-catalyzed cross-coupling reactions are fundamental
organometallic transformations and have become a principal
method of forming carbon—carbon and carbon—heteroatom
bonds.'® Among this class of reactions, processes that form
aromatic amines and ethers from aryl halides or pseudohalides
have been extensively studied and developed into practical
methodology during the past decade.*'> The analogous reac-
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Migita and co-workers first reported the coupling of iodo and
bromoarenes with thiols catalyzed by Pd(PPhs)s.'">° More
recently, these reactions have been conducted with catalyst
systems containing bidentate phosphines or dialkylphosphine
oxide ligands.?'~*® However, even recent catalysts react with
short lifetimes and are, therefore, limited in their ability to form
biologically active thioethers or precursors of biologically active
compounds in a practical fashion. Nickel-, copper-, and more
recently cobalt- and iron-catalyzed coupling of thiols with aryl
halides has also been reported.>®*> However, these processes
require high temperatures or high catalyst loadings and have
typically been conducted with aryl iodides.*3°

The limitations of this coupling reaction could result from a
sensitivity of late metal catalysts to substrates containing reactive
sulfur functionality. Although palladium thiolates are easily
formed and undergo relatively fast reductive eliminations with
aryl groups,®” > the lifetime and concentrations of the catalysts
used for the coupling of aryl halides with thiols is likely to be
limited by the formation of species that lie off of the catalytic
cycle.®® Thus, a more reactive catalyst for the coupling of
thiolates might contain a bisphosphine that binds the metal
strongly enough to prevent formation of anionic or bridging
thiolate complexes, while simultaneously promoting oxidative
addition and reductive elimination.

On the basis of this hypothesis, we considered that the
particularly restricted backbone conformation, severe steric
hindrance, and strong electron donation of the commercially
available Josiphos ligand CyPF-rBu (1-dicyclohexylphosphino-
2-di-tert-butylphosphinoethylferrocene (1) in Figure 1) could
create practical catalysts for the coupling of thiols with aryl
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FIGURE 1. Josiphos CyPF-/Bu ligand.

halides with high turnover numbers. We have recently shown
that palladium complexes generated from this hindered bispho-
sphine ligand overcome some of the current limitations on
catalyst activity and scope for the amination of aryl halides and,
therefore, could be considered a fourth-generation catalyst for
forming carbon—heteroatom bonds.*° In particular, this system
efficiently catalyzed the coupling of aryl and heteroaryl halides
and pseudohalides with nitrogen nucleophiles including primary
amines,*' ~** ammonia, and lithium amide.*>**°

We previously communicated*’ that the combination of a
palladium precursor and CyPF-7Bu catalyzes the coupling of a
wide range of thiols with aryl halides and pseudohalides with
turnover numbers typically 2 or 3 orders of magnitude higher
than those of previous catalysts. The reactions of chloroarenes
were then studied in more depth,48 and these reactions occurred
with broad scope and high tolerance for functionality. However,
reactions of aromatic thiols with aryl chlorides that are hindered
and chloroarenes that contain carboxaldehyde functionality or
enolizable hydrogens proceeded to partial conversion, formed
significant amounts of side products, or both. Herein, we report
a detailed study of the couplings of aryl bromides and iodides
with this catalyst system. The reactions of aryl bromides and
iodides occur with lower catalyst loadings and under milder
conditions than the reactions of aryl chlorides and overcome
the limitations previously reported for the reactions of chloro-
arenes. Moreover, reactions of aryl iodides with thiols, unlike
reactions of aryl iodides with amines, occur with high turnover
numbers and broad scope under mild conditions.

2. Results and Discussion

2.1. Establishment of Reaction Conditions. We studied the
coupling of 4-tolyl bromide and iodide to assess the catalyst
activity and determine the optimum reaction conditions. We
previously showed that the combination of Pd(OAc), and CyPF-
fBu as catalyst, NaOrBu as base, and DME as solvent at 110
°C led to the coupling of aliphatic thiols with chloroarenes,*”**
but these reaction conditions produced undesired symmetrical
sulfides in a 5—10% combined yield from reactions of aromatic
thiols with chloroarenes. Therefore, couplings of aryl chlorides
with aromatic thiols were conducted with toluene solvent,
KOrBu as base and Pd(dba), as precursor to obtain the desired
diaryl sulfide in high yield without formation of appreciable
amounts of side products. In the current studies we showed that
the conditions for reactions of aryl chlorides with aliphatic thiols
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SCHEME 1. Coupling Reactions of Bromo- and Iodoarenes
with Aliphatic and Aromatic Thiols Using CyPF-/Bu Ligand

PA(OAGC), (0.05 mol %)
X S.

CyPF-tBu (0.05 mot %)

NaOtBu / DME / 110 °C

<2h
X =Br R = Octyl.....99%
R=Ph..... 99%
X=1 R = Octyl.....96%
R=Ph........ 97%

SCHEME 2. Comparison of the Rates of the Coupling of
Haloarenes with 1-Octanethiol

Pd(OAc), / CyPF-fBu

X S
Jogtes fone
NaOtBu/DME /110 °C

X = Cf 0.05 mol % 97% (5h)
0.01 mol % 48% conv. (5 h)

X = Br 0.05 mol % 97% (30 min)
0.01 mol % 96% (2 h)

X =i 0.05 mol % 98% (10 min)
0.01 mol % 97% (30 min)

were suitable for the coupling reactions of aryl bromides and
iodides with both aliphatic and aromatic thiols. Thus, the
reactions of 4-bromotoluene or 4-iodotoluene with 1-octanethiol
and with thiophenol led to the corresponding aryl sulfides in
excellent yields in short reaction times (<2 h) in the presence
of just 0.005 mol % of catalyst (Scheme 1).

2.2. Comparison of the Reactivity of Aryl Chlorides, Bro-
mides, and lodides in the Pd-Catalyzed Thioetherification
Reaction. To compare the reactivity of the aryl halides contain-
ing different halogens, we studied the coupling of 4-methyl-
substituted haloarenes with 1-octanethiol as a model system.
As typically observed for palladium-catalyzed cross couplings,
aryl bromides were more reactive than the corresponding aryl
chlorides. However, unlike most palladium catalyzed C—N
coupling processes (but like many C—C coupling pro-
cesses),40‘42‘49752 reactions of aryl iodides occurred faster than
those of aryl chlorides. As shown in Scheme 2, in the presence
of 0.05 mol % of catalyst, full conversion of the aryl bromide
and iodide was observed in 30 min or less, while full conversion
of the corresponding chloride required 5 h. Moreover, using
five times less catalyst, the reactions of 4-iodotoluene and
4-bromotoluene occurred to full conversion and high yield in
30 min and 2 h, while less than 50% conversion of the
corresponding chlorides occurred in 5 h. The order of reactivity
for the thioetherification reaction catalyzed by the complex
derived from Pd(OAc), and CyPF-7Bu ligand is then Arl > ArBr
> ArCl. This order contrasts with the order of reactivity for
the amination of aryl halides, which is typically ArBr > ArCl
> Arl.** We recently reported that the amination of aryl iodides
with octylamine required up to 10 times more of the CyPF-
fBu-Pd catalyst than reaction of the corresponding aryl bromides
and chlorides. Competition studies revealed an inhibitory effect
of the alkali metal iodide generated as byproduct, rather than a
reversal of the typical rate of oxidative addition of haloarenes.*>
Apparently this inhibiting effect of the iodide is not operative
in the coupling of aryl iodides with thiols under the conditions
reported here.
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To gain additional information on the order of reactivity of
the different aryl halides, a set of competition experiments were
conducted (Scheme 3). In the first experiment, equimolecular
amounts of 4-iodotoluene and 4-bromotoluene were allowed to
react with 1-octanethiol (1 equiv) in the presence of 0.1 mol %
of the catalyst system (eq 1 of Scheme 3). After 1 h of heating
at 110 °C, more than 95% of the iodide was consumed, while
less than 5% conversion of the bromide was observed. Similar
results were obtained from the related coupling of thiophenol.
Analogous experiments with 4-bromotoluene and 4-chlorotolu-
ene confirmed the expected high selectivity for reaction of a
bromoarene over a chloroarene (eq 2 of Scheme 3). Consistent
with these data, the reactions of 1-bromo-4-iodobenzene with
1-octanethiol and thiophenol at 110 °C for 1 h occurred to high
conversion and yield to afford 4-bromophenyl octyl sulfide and
4-bromophenyl phenyl sulfide (eq 3 of Scheme 3). The
corresponding 4-iodophenyl octyl and phenyl sulfides were not
detected by GC/MS. A related experiment on the coupling of
1-bromo-4-chlorotoluene with 1-octanethiol and thiophenol
showed the formation of 4-chlorophenyl octyl sulfide and
4-chlorophenyl phenyl sulfide as the exclusive products (eq 4
of Scheme 3). Thus, this catalyst system is fully selective for
thioetherification aryl iodides over aryl bromides and for
thioetherification of aryl bromides over aryl chlorides.

2.3. Comparison of the Catalyst Efficiency for Haloare-
nes with Different Halides. As described in the above analysis,
the coupling of aryl bromides and iodides is even faster than
the analogous coupling of chlorides and, as a result, the amount
of catalyst could be reduced. Consequently, reactions of
p-bromo- and p-iodotoluene with octanethiol and benzenethiol
in the presence of only 10 to 100 ppm of catalyst afforded high
yields of sulfide product with turnover numbers at least 1 order
of magnitude greater than those for reactions of aryl chlorides
(Table 1, entries 1, 4 vs. 2—3 and 5—6). Thus, couplings of
p-bromotoluene with 1-octanethiol and thiophenol occurred with
turnover numbers of 99 000 and 9 800, and reactions of the
related iodoarenes occurred with turnover numbers of 84 000
and 82 000. These values are 2 or 3 orders of magnitude higher
than those for the analogous couplings of thiols with unactivated
bromo- or iodoarenes catalyzed by palladium complexes derived
from DiPPF or DPEphos ligands (<50 turnovers).>**’ Reactions
under the standard conditions, but without catalyst, formed
mostly disulfides; and less than 5% of the aryl sulfide was
formed.

2.4. Coupling of Aryl Bromides and Iodides under Milder
Conditions. The high efficiency of the catalyst system toward
C—S bond-forming coupling reactions between thiols and aryl
bromides and iodides prompted us to explore milder reaction
conditions that could potentially expand the methodology to the
coupling of thermally unstable compounds or to substrates
containing functional groups incompatible with a nucleophilic
alkoxide base.

2.4.1. Influence of Temperature on the Thioetherification
of Aryl Bromide and Iodides. Studies to fine-tune the catalyst
loading and temperature are summarized in Table 2. These
studies revealed that reactions of bromo- and iodoarenes with
alkyl thiols occurred at 90 or 70 °C in the presence of only 100
to 500 ppm of catalyst (Table 2, entries 1—3). These loadings
are about 1 order of magnitude lower than those in the related
coupling of choloroarenes conducted at 110 °C. Parallel studies
on the coupling of thiophenol with bromo- and iodoarenes
showed that reactions conducted with catalyst loadings equiva-
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SCHEME 3.

Ferndndez-Rodriguez and Hartwig

Comparison of the Reactivity of Iodoarenes Vs. Bromoarenes and Bromoarenes Vs. Chloroarenes in the

Thioetherification of Aliphatic and Aromatic Thiols in the Presence of Pd(OAc), and CyPF-fBu (1:1)*
+ HSR (1.0 equiv.)

JogSeals LY

>95% of iodide consumed
<5% of bromide consumed

+ HSR (1.0 equiv.)

1.0 equiv. 1.0 equiv.
Br Cl

/©/ " /©/

1.0 equiv. 1.0 equiv.

>95% of bromide consumed
<5% of chloride consumed

|
/©/ + HSR (1.0 equiv.) ——» /©/ and/or /©/ (3)
Br

R = Octyl Conversion (>95%)
R =Ph Conversion (>90%)

100 (84%?)
100 (78%2) 0

Cl
©/ + HSR (1.0 equiv.) — /©/ and/or /©/
Br

R = Octyl Conversion (100%)
R=Ph Conversion (100%)

100 (97%")
100 (95%P) : o

“ Reagents and conditions: (i) 0.1 mol % Pd(OAc),, 0.1 mol % CyPF-fBu, 1.1 equiv of NaO/Bu, DME, 110 °C. ® Yield.

TABLE 1. Relative Reactivity of Chloroarenes, Bromoarenes, and
Iodoarenes in the Palladium-Catalyzed Coupling of Thiols with
Bromoarenes and Iodoarenes Vs. Chloroarenes with CyPF-fBu as
Ligand“

0.001-0.1 mol % Pd(OAc),

X 0.001-0.1 mol % CyPF-tBu S\R
Sl o)
NaOtBu/DME /110 °C

entry X R cat. [mol %] yield [%]
1 Cl octyl 0.05 97
2 Br octyl 0.001 99
3 I octyl 0.001 840
4¢ Cl Ph 0.1 95
5 Br Ph 0.01 98
6 I Ph 0.001 82°
“ All experiments were conducted with a 1:1 ratio of metal to ligand,

1 mmol of both ArX and thiol, and 1.1 equiv of NaOrBu in DME (1.5
mL), requiring 12—24 h to complete. * ~90% conversion. © Reaction
performed in toluene with Pd(dba), and 1.1 equiv of KO7Bu as base.

lent to those for coupling of aliphatic thiols required higher
temperatures of 110 °C for aryl bromides and 90 °C for aryl
iodides (Table 2, entries 4 and 5).

Reactions of aryl bromides and iodides with both aliphatic
and aromatic thiols in the presence of higher catalysts loadings
occurred at lower temperatures. Thus, reactions of bromoarenes
with various aliphatic thiols and thiophenol occurred in high
yield at 50 °C with 1 mol % catalyst, whereas related reactions
of chloroarenes required higher temperatures and catalyst
loadings (Table 2, entries 6—9 vs. 10—11). The corresponding
couplings of iodoarenes even occurred at room temperature with
just 0.5 mol % catalyst (Table 2, entries 12—14).

2.4.2. Influence of Base on the Thioetherification of Aryl
Bromides and Iodides. The same model systems were used to
evaluate the influence of base on the catalytic process. The
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TABLE 2. Influence of temperature on the coupling of thiols with
aryl halides catalyzed by Pd(OAc), and CyPF-tBu”

0.01-3.0 mol % Pd(OAc),

X 0.01-3.0 mol % CyPF-iBu S‘R
7" e oy
R! NaOtBu/DME / T R

entry R! X R cat. [mol %] T [°C] yield [%]
1 Me Br octyl 0.05 90 96
2 Me 1 octyl 0.01 90 97
3 Me 1 octyl 0.05 70 96
4 Me Br Ph 0.01 110 98
5 Me 1 Ph 0.01 90 97
6 Me Br octyl 1.0 50 97
7 H Br  sec-butyl 1.0 50 91
8 Me Br cyclohexyl 1.0 50 93
9 Me Br Ph 1.0 50 91
10 Me Cl octyl 2.0 70 97
11 Me Cl Ph 3.0 70 83¢
12 H I sec-butyl 0.5 25 93
13 Me 1 cyclohexyl 0.5 25 99
14 Me 1 Ph 0.5 25 97

“ All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both ArX and thiol, and 1.1 equiv of NaO7Bu in DME (1.5
mL), requiring 2—48 h of heating at the appropriate temperature to
complete. ” Reaction performed in toluene with Pd(dba), and 1.1 equiv
of KOrBu as base. < ~90% conversion

experiments were conducted in DME at 110 or 90 °C with
equimolecular amounts of Pd(OAc), and ligand (0.01 to 0.1 mol
%) and 1.1 equiv of base (Table 3). As in the related coupling
of chloroarenes, NaOrBu was found to be the most effective
base for the coupling of thiols with both aryl bromides and
iodides. High conversions and yields were obtained after 12—24
h of heating at 110 °C in the presence of only 10 to 100 ppm
of catalyst (see Table 1, entries 2, 3, 5, and 6). Alternatively,
full conversion in shorter reaction times (<2 h) could be
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TABLE 3. Influence of Base on the Coupling of Thiols with
Bromoarenes and Iodoarenes Catalyzed by Pd(OAc), and

CyPF-tBu“
o

0.01-0.05 mol % Pd(OAC),

X 0.01-0.05 mol % CyPF-{Bu
/©/ + HSR
Base /DME/T

cat. T t  conversion yield
entry X R base [mol %] [°C] [h] [%] [%]

1 Br octyl NaOrBu 0.01 110 2 100 97
2 Br LiHMDS 0.05 110 2 100 95
3 Br NaHMDS 0.05 110 2 100 95
4 Br Cs,CO; 0.05 110 5 100 96
5 Br Na,CO; 0.05 110 14 70

6 Br K,CO; 0.05 110 14 86

7 Br K;PO, 0.05 110 14 73

8 I NaOrBu 0.01 9 2 100 97
9 I LiHMDS 0.01 9 18 96 93
10 I Cs,CO3 0.01 90 18 76

11 I Cs,CO; 0.05 90 14 100 99
12 Br Ph NaOrBu 0.01 110 2 100 98
13 Br LiHMDS 0.01 110 8 96 93
14 Br LiHMDS 0.05 110 2 100 97
15 Br Cs,CO; 0.05 110 14 low”

16 I NaOrBu 0.01 90 2 100 95
17 1 NaOrBu 0.1 70 8 100 93
18 I LiHMDS 0.1 9 2 100 94
19 1 Cs,CO; 0.05 110 14 low”

“ All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both ArX and thiol, and 1.1 equiv of base in DME (1.5 mL)
at the appropriate temperature. ” Disulfide formation was observed.

achieved by increasing the amount of catalyst to 0.01 mol %
(Table 3 entries 1, 8, 12, and 16).

On the other hand, and in contrast to reactions of aryl
chlorides, reactions of aryl bromides occurred to high conver-
sions with low loadings of catalyst with bases other than
alkoxides. Thus, the coupling of bromoarenes and aliphatic thiols
in the presence of LiHMDS, NaHMDS, and even Cs,CO;
proceeded to full conversion and high yields in short reaction
times with 0.05 mol % catalyst (Table 3, entries 2—4). Lower
temperatures or lower loadings of catalyst led to moderate
conversions (not included in Table 3). Reactions with other
carbonates and phosphates occurred with moderate to good
conversions (Table 3, entries 5—7).

Similar results were observed for the coupling of aryl iodides
with LIHMDS and Cs,CO; as base (Table 3, entries 9—11).
Reactions of aryl iodides could be conducted at lower temper-
atures (70—90 °C) with the same or lower amounts of catalyst
as the reactions of aryl bromides. Coupling of aromatic thiols
with both aryl bromides and iodides occurred in high yields
with LiHMDS as base (Table 3, entries 13, 14, and 18).
Remarkably, no symmetrical thioethers were detected in these
reactions of aryl bromides and iodides, whereas the coupling
of thiophenol with 4-anisyl chloride in the presence of this base
produced 44% of such byproducts.*®

In contrast to the coupling reactions of aliphatic thiols, the
coupling reactions of thiophenol with both bromo- and iodoare-
nes in the presence of Cs,CO; formed large amounts of diphenyl
disulfide and only traces of the desired aryl sulfide (Table 3,
entries 15 and 19). Nevertheless, reactions of functionalized
haloarenes conducted with this base and described later in this
paper were valuable when a higher 0.1 to 1 mol % of catalyst
was used.

These studies of reaction conditions showed that the coupling
of aryl bromides and iodides with both aliphatic and aromatic
thiols was most efficient at 110 °C with an alkoxide base.
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TABLE 4. Coupling of Bromo- and Iodoarenes with Aliphatic
Thiols Catalyzed by Pd(OAc), and CyPF-tBu”
0.01-0.25 mol % Pd(OAc),
0.01-0.25 mol % CyPF-1Bu
ArX + HSR ArSR
NaOfBu/DME /T

cat. T t yield

entry Ar X R [mol %] [°C] [h] [%]
1 4-Tol Br octyl 0.05 9 2 96
2k Br octyl 0.05 90 2 98
3 I octyl 0.05 70 2 96
4 Ph Br octyl 0.05 9 4 98
5 I octyl 0.05 70 4 98
6 4-anisyl Br octyl 0.05 90 3 98
7 I octyl 0.05 70 3 96
8 Ph Br 2-methylbutyl  0.05 9 5 90
9 I 2-methylbutyl ~ 0.05 70 6 96
10 3-anisyl Br 2-methylbutyl  0.05 90 6 96
11 I 2-methylbutyl  0.05 70 6 96
12 Ph Br sec-butyl 0.05 9 4 90
13 I sec-butyl 0.05 70 4 93
14 4-Tol Br cyclohexyl 0.05 90 6 94
15 I cyclohexyl 0.05 70 6 99
16 Br tert-butyl 0.05 9 5 93
17 4-trifluvoromethylphenyl Br tert-butyl 0.05 90 3 79
18  1-naphthyl Br octyl 0.05 9 8 96
19 I octyl 0.05 9 12 93
20 2-anisyl Br octyl 0.05 110 4 99
21 I octyl 0.05 9 12 96
22 2-Tol Br octyl 0.01 110 12 99
23 I octyl 0.05 70 12 98
24 2,5-dimethylphenyl 1 tert-butyl 0.05 90 12 93
25 2,6-dimethylphenyl Br fert-butyl 025 110 4 92
26 I rert-butyl 0.1 110 8 94

“ All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both ArX and thiol, and 1.1 equiv of NaO7Bu in DME (1.5
mL) at the appropriate temperature. ” Reaction performed without using
a drybox.

However, these studies also showed that reactions could be
performed at moderate temperatures (25 to 90 °C) with loadings
of catalyst in the range of 0.01 to 1.0 mol % or with LIHMDS
or Cs,CO;j as base in the presence of catalyst loadings between
0.01 and 0.1 mol %.

2.5. Scope of the Thioetherification of Aryl Halides:
Coupling of a Series of Unactivated Aryl Bromides and
Iodides. Reactions of a series of aryl bromides and iodides with
aliphatic and aromatic thiols catalyzed by the combination of
Pd(OAc), and Josiphos ligand 1 are summarized in Tables 4
and 5. A majority of the reactions were assembled in a drybox.
However, identical catalyst activity was observed for reactions
performed under inert atmosphere with common Schlenk
techniques (Tables 4 and 5 compare entries 1 and 2). Reactions
of aliphatic thiols with aryl bromides were conducted at 90 °C,
and reactions of aryl iodides were conducted at 70 °C. Under
these conditions, high activity of the catalyst was observed,
although reactions did occur with turnover numbers one order
of magnitude greater at 110 °C (compare Table 4 entries 1 and
3 vs. Table 1 entries 2 and 3). Primary, secondary, and tertiary
aliphatic thiols reacted to form the corresponding thioethers in
excellent yields within short reaction times (typically <6 h) with
only 0.05 mol % of catalyst. In general, reactions of aryl iodides
conducted at 70 °C occurred with turnover numbers comparable
to those obtained from reactions of aryl bromides conducted at
90 °C.

Sterically demanding ortho-substituted substrates also coupled
in high yield in the presence of the same catalyst loadings,
although longer reaction times and/or higher temperatures were
required (Table 4, entries 18—24). Even di-ortho-substituted aryl
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TABLE 5. Coupling of Bromo- and Iodoarenes with Aromatic
Thiols Catalyzed by Pd(OAc), and CyPF-tBu”
0.01-0.5 mol % Pd(OAc),
0.01-0.5 mol % CyPF-tBu
ArX + HSAr ArSAr
NaOtBu/DME /T

cat. T t yield

entry Ar X Ar’ [mol %] [°C] [h] [%]
1 4-Tol Br Ph 001 110 2 98
2" Br Ph 001 110 2 91
3 Br Ph 0.1 9 5 99
4 I Ph 0.01 9 2 97
5 Ph Br Ph 001 110 2 97
6 I Ph 0.05 9 5 98
7¢ Br 4-tol 0.1 110 5 93
8¢ I 4-tol 0.05 9 2 97
9 4-anisyl Br Ph 0.01 110 2 97
10 I Ph 0.05 9 5 9%
11 Br 4-anisyl 001 110 2 98
12 I 4-anisyl 0.05 90 5 98
13 4-Tol Br 4-anisyl 001 110 2 94
14 I 4-anisyl 0.05 9 5 9%
15 3-anisyl Br 4-anisyl 0.0l 110 4 94
16 I 4-anisyl 0.05 9 5 93
17  4-trifluoromethylphenyl Br Ph 0.1 110 2 93
18  I-naphthyl Br Ph 005 110 2 92
19 I Ph 005 110 2 87
20 2-anisyl Br Ph 0.1 110 2 99
21 I Ph 005 110 2 99
22 4-Tol Br 2-isopropylphenyl 0.1 1o 2 86
23 Br 2-isopropylphenyl 0.5 90 12 95
24 I 2-isopropylphenyl 0.05 110 5 91
25 2-Tol Br 2-isopropylphenyl 0.1 110 2 88
26 Br 2-isopropylphenyl 0.5 92 12 97
27 I Ph 005 110 2 75¢
28 I Ph 0.25 70 24 99
29  2,6-dimethylphenyl Br Ph 0.5 1o 2 9%
30 I Ph 025 110 8 94

“ All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both ArX and thiol, and 1.1 equiv of NaO7Bu in DME (1.5
mL) at the appropriate temperature. ” Reaction performed without using
a drybox. “1.1 equiv of LiHMDS was used as base. “~10% of
desproportionation  byproducts were also observed. ¢~20% of
desproportionation products were also observed. / <5% of Ph,S was also
detected.

halides reacted with a hindered tertiary thiol in excellent yields
in less than 8 h in the presence of 0.1—0.25 mol % of catalyst
(Table 4, entries 25 and 26). The equivalent reaction of 2,6-
dimethylchlorobenzene occurred in lower yield (77%) and
conversion (82%) in the presence of 3.0 mol % of catalyst at
extended reaction times (36 h).

Studies on the scope of the coupling of arene thiols are
summarized in Table 5. Again, very high yields in short reaction
times (frequently 2—5 h) were obtained with 1 or 2 orders of
magnitude less catalyst loading than was needed for analogous
couplings with prior catalyst systems and 1 order of magnitude
lower than the corresponding coupling of chloroarenes with the
same catalyst. Reactions of aromatic thiols with unhindered aryl
bromides at 110 °C and with aryl iodides at 90 °C in the
presence of 0.01—0.1 mol % of catalyst occurred without
formation of side products.

A slight increase in the loading or the temperature or both
was necessary for the coupling of sterically demanding sub-
strates. The reactions of 1-naphthyl and 2-anisyl derivatives with
thiophenol at 110 °C in the presence of 0.05—0.1 mol % of
catalyst occurred in excellent yields (Table 5, entries 18—21)
without formation of side products, such as the symmetrical
thioethers formed in some cases with aromatic thiols and
hindered chloroarenes.
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The absence of such side products is likely due to the lower
temperatures (70 °C—90 °C) of reactions conducted with 0.5
mol % of catalyst. The reaction of p-bromotoluene and
o-bromotoluene with 2-isopropylbenzenethiol in the presence
of only 0.1 mol % of catalyst formed the corresponding coupled
products in good yield, but about 10% of symmetrical sulfides
formed as side products (Table 5, entries 22 and 25). Formation
of the undesired side product was avoided by conducting the
reaction at 90 °C and increasing the loading to 0.5 mol % (Table
5, entries 23 and 26). Reaction of p-iodotoluene with 2-isopro-
pylbenzenethiol occurred in excellent yield at 110 °C with only
500 ppm of catalyst and without formation of side products
(Table 5, entry 24). However, the corresponding reaction of
2-iodotoluene with benzenethiol under the same reaction condi-
tions produced about 20% of side products. By performing this
coupling of 2-iodotoluene at 70 °C in the presence of 0.25 mol
% of catalyst (Table 5, compare entries 27 and 28) the desired
thioether was formed in 99% yield. Furthermore, the reactions
of 2,6-dimethylphenyl bromide and 2,6-dimethylphenyl iodide
with thiophenol occurred in excellent yields in the presence of
0.25—0.5 mol % of catalyst. Only small amounts of diphenyl-
sulfide were detected (Table 5, entries 29—31). In contrast, the
corresponding reactions of 2-chlorotoluene with thiophenol and
with 2-isopropylbenzenethiol did not occur at temperatures
below 110 °C with this catalyst. Therefore, the coupled products
were formed in 70% yield with about 20% of side products.
Moreover, coupling of 2,6-dimethylphenyl chloride with thiophe-
nol did not occur, even at 110 °C and in the presence of 3.0
mol % of catalyst.

2.6. Scope of the Thioetherification of Aryl Halides:
Coupling of Functionalized Aryl Bromides and Iodides. As
described in section 2.4.2, the coupling of aryl bromides and
iodides occurred in the presence of bases other than alkoxides.
To address issues of functional group compatibility, we evalu-
ated reactions of functionalized aryl bromides and iodides
catalyzed by a combination of Pd(OAc), and CyPF-rBu with
LiHMDS or Cs,COj as base. Our previously reported couplings
of thiols with chloroarenes using the present catalyst system
and an alkoxide base occurred with a tolerance for functionality
that far surpassed that of previous methodologies for C—S
coupling. Although some reactions of aliphatic thiols occurred
with weaker carbonate bases, reactions of aromatic thiols did
not occur with these weaker bases. As a result, the coupling of
arene thiols with aryl chlorides containing certain functional
groups, such as an aldehyde or enolizable keto functionality,
was unsuccessful.

The coupling of a wide range of aryl bromides and iodides
containing potentially reactive functionality with primary,
secondary, and tertiary aliphatic thiols is summarized in Table
6. Reactions of aryl bromides were conducted at 110 °C,
and the corresponding couplings of aryl iodides were
performed at 90 °C. Aryl halides containing functional
groups, such as phenol, free aliphatic alcohol, protected and
free amine, nitrile, carboxylic acid, ester, aldehyde, or
enolizable ketone coupled to form the corresponding aryl
sulfide in good to excellent yields. The catalyst loadings for
some of these reactions are extremely low, and even reactions
of electron-rich and/or hindered substrates occurred with
loadings at or below 0.25 mol %.

Reactions of haloarenes bearing aromatic or aliphatic
hydroxyl groups occurred in the presence of LIHMDS to form
the corresponding sulfide in which the hydroxyl group is
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TABLE 6.
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Coupling of Functionalized Aryl Bromides and Iodides with Aliphatic Thiols Catalyzed by Pd(OAc), and CyPF-tBu“

0.005-0.25 mol % Pd(OAc),

X 0.005-0.25 mol % CyPF-Bu x So
FG + HSR FGy R
Base /DME /T &
entry aryl halide R base cat. [mol %] T [°C] yield [%]
I . tert-butyl LiHMDS 0.1 1o ol
2 O tert-butyl LiHMDS 0.1 1o 93
3 " 2-methylbutyl LiHMDS 0.1 1o 90
|
4 ir tert-butyl LiHMDS 0.1 90 90
HO
HO. Br
5 O 2-methylbutyl LiHMDS 0.1 1o 93
HO |
6 r 2-methylbutyl LiHMDS 0.1 90 9
Br
7 X Octyl LiHMDS 0.25 1o 88
OH
|
8 X Octyl LiHMDS 0.1 9 89
OH
9 v@& 2-methylbutyl LiHMDS 0.05 1o 87
10 o 2-methylbutyl Cs:COs 0.1 1o %
1 ﬂl 2-methylbutyl LiHMDS 0.1 90 89
12 o 2-methylbutyl Cs:CO; 0.1 90 88
Br
B3 ae L 2-methylbutyl LiHMDS 0.005 1o %
H
HoN Br
14 O tert-butyl LiHMDS 0.05 110 92
|
15 O cyclohexyl LiHMDS 025 90 97
HoN
16 NCO er tert-butyl LiHMDS® 0.1 1o 78
17 tert-butyl NaO7Bu* 0.05 90 91
18 NCO/I terr-butyl LiHMDS* 0.05 90 80
19 tert-butyl NaOsBu° 0.05 70 89
HO,C Br
20 T sec-butyl LiHMDS 0.05 1o 7
HO,C I
21 T sec-butyl NaOBu 0.01 90 97
MeO,C Br )
2 Tr cyclohexyl Cs,CO5° 0.005 1o %
OHC Br
23 T tert-butyl Cs,CO5¢ 0.005 1o 90
MeOC Br .
24 T sec-butyl Cs,CO¥ 0.05 1o 95
s Br .
25 T octyl Cs:COy° 0.1 10 98
|
26 <r octyl Cs:CO5° 0.25 1o 8
By
27 LY ' octyl Cs,COy 0.1 110 95
N Br
8 [ octyl LiHMDS* 0.25 1o 98

P4

“ All experiments were conducted with a 1:1 ratio of metal to ligand, 1 mmol of both ArX and thiol, and 2.4 equiv of base, unless otherwise stated, in DME
(1.5 mL), requiring 2—24 h of heating at the appropriate temperature to complete. * Yield of O-TMS protected aryl sulfide. € 1.1 equiv of base was

employed.
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TABLE 7. Coupling of Functionalized Aryl Bromides and Iodides with Aromatic Thiols Catalyzed by Pd(OAc), and CyPF-tBu®
0.01-1.0 mol % Pd(OAc),

X ; : 4 S
FG@ + Hear 0-01-1:0 mol % CyPF-fBu N
= =

Base /DME/T
entry  aryl halide Ar base cat. [mol %] T [°C] yield[%]
Br
i T 2-iso-propylphenyl  LiHMDS 0.25 110 9%
HO
|
2 O 2-iso-propylphenyl  LiHMDS 0.25 90 97
HO
HO Br
3 T Ph LiHMDS 0.05 1o 95
HO |
4 \©/ Ph LiHMDS 0.05 90 98
Br
s (X 4-anisyl LiHMDS 025 10 90
OH
|
s L 4-anisyl LiHMDS 025 1o 98
OH
7 J@Br Ph LiHMDS 0.5 110 94
g§ HO Ph Cs,CO; 0.5 110 91
|
9 W T Ph Cs,C0; 0.25 1o 95
10 OBr Ph LiHMDS 0.05 110 61
TR Ph NaO7Bu 0.05 110 76
HoN Br
12 O Ph LiHMDS 0.25 110 87
|
13 rr 4-Tol LiHMDS 0.25 90 96
HoN
14 NCOBr Ph LiHMDS? 0.25 110 79
15 Ph NaO7Bu” 0.01 110 98
NC |
16 O/ Ph NaO/Bu’ 0.05 90 95
17 HOzCO Br 4-anisyl LiHMDS 0.05 110 67
18 4-anisyl NaO7Bu 0.05 110 85
HO,C I
19 T 4-anisyl NaO/Bu 0.05 o 77
Br
20 C[ Ph LiHMDS? 0.1 110 89
F
OHC Br
21 O Ph Cs,CO," 1 110 76°
S Br b
22 T Ph Cs,CO5 0.25 110 85
|
23 <r Ph Cs,CO5" 0.1 1o 74
B
24 oj ' Ph LiHMDS" 0.5 110 95
“ All experiments were conducted with a 1:1 ratio of metal to ligand, 1 mmol of both ArX and thiol, and 2.4 equiv of base, unless otherwise stated,

in DME (1.5 mL), requiring 2—24 h of heating at the appropriate temperature to complete. * 1.1 equiv of base was employed. ¢ 88% conversion.
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capped as the silyl ether. These aryl sulfides containing the
silyl ether were isolated in high yield (Table 6, entry 2), or
the aryl sulfide containing a free hydroxyl group was isolated
after removal of the silyl group with acid prior to the
chromatographic purification. The coupling in the presence
of nitrile and carboxylic acid groups afforded the coupled
product with yields in the range of 70—80%; however, the
reactions occurred in higher yields when using an alkoxide
base (Table 6, compare entries 16, 18, and 20 vs. 17, 19,
and 21).

Reactions of aryl bromides containing ester or aldehyde
functionalities did not proceed to high conversions and yields
in the presence of LIHMDS base (results not reported in the
table); however, these couplings occurred in high yield in
the presence of the weaker Cs,COj3 base and only 50 ppm of
catalyst (Table 6, entries 22 and 23). In addition, reaction of
an aryl bromide possessing enolizable keto functionality,
using the same protocol, occurred in excellent yield with only
500 ppm catalyst. Couplings of the corresponding chloro-
arenes did not give the coupled product. Coupling reactions
of heteroaryl bromides and iodides also occurred in good to
excellent yields in the presence of LIHMDS or Cs,COj3 bases
with catalyst loadings up to 0.25 mol % (Table 6, entries
25-28).

The coupling of a wide range of aryl bromides and iodides
containing potentially reactive functionality with aromatic thiols
is summarized in Table 7. Reactions were conducted with the
combination Pd(OAc), and CyPF-Bu as catalyst and LIHMDS
as base. A few coupling reactions for which this combination
failed to give high conversions or yields were performed in the
presence of Cs,COj; base. In general, reactions of aryl iodides
conducted at 90 °C occurred with comparable turnover numbers
to reactions of aryl bromides conducted at 110 °C. Like the
reactions of aliphatic thiols, the coupling reactions of aromatic
thiols conducted with these bases were tolerant of aromatic and
aliphatic hydroxyl groups, protected and free amino groups,
nitriles, and carboxylic acids. With one exception, these
reactions occurred in good to excellent yield with 0.05 to 0.1
mol % of catalyst for reactions of the electron-poor aryl halides
and 0.25 to 0.5 mol % of catalyst for the sterically demanding
or electron-rich substrates. Again, haloarenes bearing nitrile or
carboxylic acid functionalities occurred in higher yields when
conducted with an alkoxide base (Table 7, entries 14—19). In
addition, 1-bromo-2-fluorobenzene coupled with thiophenol in
excellent yield without a competitive uncatalyzed background
reaction at the C—F bond (Table 7, entry 20). Reactions of aryl
bromides in the presence of weaker carbonate bases also
occurred. In the presence of Cs,CO; base, an aryl bromide
possessing a formyl group reacted with thiophenol in good yield
and conversion in the presence of 1 mol % of catalyst (Table
7, entry 21). This catalyst system also leads to the coupling of
heteroaryl bromides and iodides. Good to excellent yields of
thioether products were obtained when the reactions were
conducted with 0.1—0.5 mol % of catalyst and LiHMDS or
Cs,CO; as base (Table 7, entries 22—24).

3. Conclusions

In summary, we have shown that palladium complexes
generated from the Josiphos ligand CyPF-7Bu (1) are general,
highly efficient catalysts for the coupling of bromo- and
iodoarenes with thiols. The ability to conduct reactions with
low catalyst loadings illustrates that the catalyst containing
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CyPF-1Bu as ligand resists decomposition from unproductive
reactions with the thiol or thiolate. Reactions catalyzed by
the complexes generated in situ from Pd(OAc), and ligand
1 in most cases occur with turnover numbers that are 2 or 3
orders of magnitude higher than those of related couplings
by catalysts containing other ligands. The process occurs with
broad scope and includes the coupling of thiols with
heteroaryl halides. The reaction tolerates fluoro, cyano, keto,
free carboxylate, amido, carboalkoxy, carboxaldehyde, aro-
matic and aliphatic hydroxyl, and amino functionalities. The
relative rates for reaction of different halides followed
the conventional trend of Arl > ArBr > ArCl, instead of
the order ArBr > ArCl > Arl for reactions of amines with
aryl halides. The superior efficiency of reactions of bromo-
and iodoarenes was demonstrated by conducting the couplings
with less catalyst, lower temperature, or in the presence of
bases other than alkoxides. Consequently, the most chal-
lenging coupling of substrates containing aldehyde or eno-
lizable ketone functionalities and reactions with hindered aryl
halides with aromatic thiols occurs in excellent yields without
the formation of side products.

4. Experimental Section

Preparation of Stock Solution A (1.0 x 1072 M). DME (1.0
mL) was added to a mixture of Pd(OAc), (2.2 mg) and CyPF-rBu
(5.5 mg). The resulting orange solution was stirred at room
temperature for 1 min before being used.

Preparation of Stock Solution B (1.0 x 10* M). Ten
microliters of stock solution A was diluted to 1.0 mL with DME.
The resulting pale yellow solution was stirred at room temperature
for 1 min before being used.

General Procedure for the Coupling of Aryl Bromides and
Iodides with Aliphatic and Aromatic Thiols. The appropriate
quantity of stock solution A or B was added to a 4 mL vial
containing the aryl bromide or iodide (1.00 mmol) and NaO7Bu
(106 mg, 1.10 mmol) in DME (1.5 mL). The thiol (1.00 mmol)
was then added and the vial sealed with a cap containing a PTFE
septum. The mixture was heated at the temperature indicated in
Tables 4 and 5 until the aryl halide was consumed, as determined
by GC. Silica gel (0.5 g) was added, and the solvents were
evaporated under reduced pressure. The crude residue was purified
by column chromatography on silica gel with hexane or a mixture
of hexane and ethyl acetate as eluent. Aryl sulfides were isolated
in the yields reported in Tables 4 and 5.

2-Methylbutyl 3-methoxyphenyl sulfide (Table 4, entries
10 and 11):*” colorless liquid; 'H NMR (CDCl3) 6 7.07 (t, J =
7.9 Hz, 1H), 6.80—6.76 (m, 2H), 6.59—6.56 (m, 1H), 3.67 (s, 3H),
2.84 (dd, J = 12.5 and 5.9 Hz, 1H), 2.64 (dd, / = 12.5 and 7.6 Hz,
1H), 1.60—1.52 (m, 1H), 1.49—1.39 (m, 1H), 1.22—1.11 (m, 1H),
0.91 (d, J = 6.6 Hz, 3H), 0.81 (t, J = 7.1 Hz, 3H); 3C NMR
(CDCl;) 0 159.6, 138.8, 129.4, 120.5, 113.7, 110.9, 55.0, 40.2, 34.3,
28.7, 18.8, 11.1.

General Procedure for the Coupling of Functionalized
Aryl Bromides and Iodides with Aliphatic and Aromatic
Thiols. The appropriate quantity of stock solution A or B was added
to a 4 mL vial containing the aryl bromide or iodide (1.00 mmol)
and LiIHMDS or Cs,CO; (2.4 mmol) as base, unless otherwise
stated, in DME (1.5 mL). The thiol (1.00 mmol) was then added
and the vial was sealed with a cap containing a PTFE septum. The
mixture was heated at the temperature indicated in Tables 6 and 7
until the aryl halide was consumed, as determined by GC. Silica
gel (0.5 g) was added, and the solvents were evaporated under
reduced pressure. The crude residue was purified by column
chromatography on silica gel with hexane or a mixture of hexane
and ethyl acetate as eluent. Aryl sulfides were isolated in the yields
reported in Tables 6 and 7. Reactions of haloarenes bearing aromatic
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or aliphatic hydroxyl groups and LiHMDS as base initially form
the corresponding sulfide with the hydroxyl group protected as the
silyl ether. However the silyl group was removed by treatment with
acid (1 N HCI) prior to the chromatographic purification.

3-Phenylsulfanylphenol (Table 7, entries 3 and 4): colorless
liquid; "H NMR (CDCl;) 6 7.33—7.28 (m, 2H), 7.24—7.14 (m, 3H),
7.05 (t, J = 7.8 Hz, 1H), 6.81—6.77 (m, 1H), 6.64—6.62 (m, 1H),
6.59—6.56 (m, 1H), 5.00 (br s, 1H); '3C NMR (CDCl3) 6 155.8,
137.7, 134.5, 131.8 (2C), 130.1, 129.2 (2C), 127.4, 122.6, 116.7,
113.8. Anal. Calcd for C,H,00S: C, 71.25; H, 4.98. Found: C,
71.01; H, 5.02.
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