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Introduction

Aryl sulfides[1,2] are valuable intermediates in organic syn-
thesis of biologically and pharmaceutically active molecules,
of organic materials, or intermediates to these molecules. A
number of aryl sulfides have shown potential clinical appli-
cations. These applications include the treatment of inflam-
mation by acting as antagonists of the interaction between
leukocyte function-associated antigen-1 and both intracellu-
lar adhesion molecule-1 (LFA-1/ICAM-1)[3,4] and vascular
cell adhesion molecule-1 (VCAM-1).[5] The applications of
aryl sulfides also include treatment of Alzheimer9s and Par-
kinson9s diseases by acting as muscarinic[6] or nicotinic[7] re-
ceptor antagonists, treatment of asthma and obstructive pul-
monary disease by acting as a 5-lipoxygenase inhibitor,[8]

treatment of human immunodeficiency virus (HIV) by in-
hibiting HIV-1 protease[9] and treatment of cancer as tubulin
polymerization inhibitors.[10,11] Palladium-catalyzed cross-
coupling reactions that form carbon�heteroatom bonds
have recently emerged as an extremely powerful synthetic
organic method.[12–19] In particular, the synthesis of aromatic
amines and ethers from aryl halides or pseudohalides has
been extensively studied and developed into practical meth-
odology. In contrast, the analogous synthesis of aryl sulfides
has received less attention.[20]

In 1978 and 1980 Migita and co-workers first reported the
coupling of iodo- and bromoarenes with thiols in the pres-
ence of [Pd ACHTUNGTRENNUNG(PPh3)4] as catalyst.[21, 22] In the last decade, more
efficient catalyst systems containing bidentate phosphines or
dialkylphosphine oxides ligands have been described for this
reaction.[23–29] Nevertheless, these protocols display three
major drawbacks that reduce their ability to form sulfides in
a practical fashion. First, the published catalysts have short
lifetimes; low turnover numbers (TON � 50) are typically
achieved. Second, the coupling of thiols with aryl chlorides
is undeveloped, and aryl chlorides are the most useful of the
haloarenes because of their wider availability and lower
cost.[30] Third, the previous couplings to form sulfides have
occurred with narrow scope. The demonstrated tolerance of
the reactions to potentially reactive functional groups has
been limited to haloarenes containing nitriles and
esters.[23–27]

Nickel- and copper-catalyzed coupling of thiols with aryl
halides has also been reported.[31,32] However, these process-
es require either high temperatures or high catalyst loadings.
Further, these reactions have typically been conducted with
aryl iodides.[33, 34]

Palladium thiolates form easily and undergo relatively
fast reductive eliminations with aryl groups.[35–37] Thus, the
current limitations on the aromatic thiation could result
from the notorious sensitivity of late metal catalysts to sub-
strates containing reactive sulfur functionality. The lifetime
and concentrations of the catalysts used for the coupling of
haloarenes with thiols is likely to be limited by factors such
as displacement of dative ligands by thiolates to form anion-
ic thiolate complexes I or the formation of bridging thiolate
complexes II that undergo slow reductive elimination
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(Figure 1).[36] Therefore, a more reactive catalyst for the cou-
pling of thiolates might contain a bisphosphine that binds
the metal strongly enough to prevent formation of anionic
or bridging thiolate complexes I and II, while simultaneous-
ly promoting oxidative addition and reductive elimination.

Based on this hypothesis, we considered that the restrict-
ed backbone conformation, steric hindrance, and strong
electron donation of the Josiphos ligand CyPF-tBu (1-di-
cyclohexylphosphino-2-di-tert-butylphosphinoethylferroceno,
1, in Table 1)[38] could create practical catalysts for the cou-

pling of thiols with aryl halides. In work previously commu-
nicated, we have shown that complexes generated from this
ligand couple a broad range of thiols with aryl halides and
pseudohalides and that reactions conducted with the Josi-
phos ligand occur with turnover numbers and tolerance of
functional groups that far surpass those of previous cata-
lysts.[39] Herein, we report a thorough study of the scope and
limitations in the coupling of aryl chlorides with thiols using
this catalyst system. In addition, we report an evaluation of
other common ligands, as well as a preformed catalyst pre-
cursor [(CyPF-tBu)PdCl2], under conditions of low catalyst
loading.

Results and Discussion

Establishment of reaction conditions : We initially selected
the coupling of electron-rich 4-chloroanisole with 1-octane-
thiol as model system to assess the catalyst activity and to
determine the optimum reaction conditions. The experi-
ments were conducted using equimolecular amounts of
0.1 mol% PdACHTUNGTRENNUNG(OAc)2 and CyPF-tBu ligand 1 and several
bases (1.1 equiv), solvents and reaction temperatures
(Table 1). Reactions containing different bases were con-
ducted at 100 8C in DME (1,2-dimethoxyethane),[40] and the
formation of aryl sulfide was measured by GC after 18 h.
Reactions conducted with NaOtBu, KOtBu and NaHMDS
(NaN ACHTUNGTRENNUNG(SiMe3)2) occurred with moderate to good conversions
(Table 1, entries 1–3), while reactions with weaker carbo-
nate, phosphate and amine bases (not listed in Table 1) oc-
curred to <5% conversion and formed large amounts of di-
octyldisulfide.

Reactions at 110 8C occurred to higher conversions. Reac-
tions at this temperature conducted with NaOtBu as base
occurred to full conversion in less than 4 h and with an ex-
cellent yield of sulfide (Table 1, entry 4). In contrast, reac-
tions conducted with KOtBu base proceeded to 94% con-
version and 87% isolated yield after 18 h (Table 1, entry 5).
Reactions conducted with NaOtBu in 1,4-dioxane occurred
in high yield after similar times as the reactions with

NaOtBu in DME (Table 1,
entry 6), while reactions in
other solvents, such as toluene,
DMF or DMSO, formed only
traces of the desired aryl sul-
fide.

Further studies were also
conducted to fine-tune the cata-
lyst loading and palladium pre-
cursor. These studies revealed
that a decrease in the catalyst
loading to 0.05% resulted in in-
complete conversion of this
electron-rich chloroarene, even
at extended reaction times
(Table 1, entry 7). However, re-
actions of electron-neutral and
electron-poor chloroarenes de-
scribed later in this paper do

occur with lower loadings. These studies also showed that
the catalyst system derived from [Pd ACHTUNGTRENNUNG(dba)2] and the one de-
rived from PdACHTUNGTRENNUNG(OAc)2 are similar, but that the one derived
from [Pd ACHTUNGTRENNUNG(dba)2] reacts slightly slower (Table 1, entry 8).

Ligand influence on the thiation of aryl chlorides at low cat-
alyst loadings : After having established conditions for the
coupling of chloroarenes with alkyl thiols using the combi-
nation of Pd ACHTUNGTRENNUNG(OAc)2 and CyPF-tBu as catalyst, we surveyed
palladium complexes of a series of ligands for these reac-
tions at low catalyst loadings. The structures of these ligands
and a summary of the results of this study are shown in

Figure 1. General mechanism for the palladium-catalyzed C�S bond-
forming reactions.

Table 1. Optimization of palladium-catalyzed coupling reaction of 4-chloroanisole with 1-octanethiol using
CyPF-tBu ligand (1).[a]

Entry Base Solvent T [8C][b] t [h] Conversion [%] (yield)[c]

1 NaOtBu DME 100 18 84
2 KOtBu DME 100 18 80
3 NaHMDS DME 100 18 57
4 NaOtBu DME 110 <4 100 (98)
5 KOtBu DME 110 18 94 (87)
6 NaOtBu 1,4-dioxane 110 5 100 (94)
7[d] NaOtBu DME 110 48 93 (85)
8[e] NaOtBu DME 110 7 100 (96)

[a] All the experiments were conducted with a 1:1 ratio of metal to ligand, 1 mmol of both 4-chloroanisole and
1-octanethiol, and 1.1 equiv base in 1.5 mL solvent. [b] Bath temperature. [c] Determined by GC analysis. Iso-
lated yields are indicated in parentheses. [d] 0.05% catalyst loading employed. [e] [Pd ACHTUNGTRENNUNG(dba)2] used as palladium
precursor.
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Figure 2. Each reaction was conducted at 110 8C for 24 h
with 0.1 mol% of ligand and PdACHTUNGTRENNUNG(OAc)2, and conversions to
the desired sulfide were measured by GC.

Reactions were conducted with several members of the
Josiphos family of ligands (1–6) as well as bidentate phos-

phines 7–12 that were previously reported for couplings of
aryl halides with thiols. Among the Josiphos family of li-
gands, CyPF-tBu (1) clearly generated the most active cata-
lyst, affording full conversion to the aryl sulfide in less than
4 h. Reactions catalyzed by complexes of Josiphos-type li-
gands 2 and 5, which are less rigid and less electron donating
than 1, occurred to moderate conversions (ca. 50%), even
after 24 h. Reactions conducted with the less sterically de-
manding analogues 3, 4 and 6 formed moderate to small
amounts of the desired sulfide. Catalysts based on BINAP,
tol-BINAP or DPPF were completely ineffective for this
coupling. Catalysts based on DPEphos, Xantphos and even
DiPPF, which were reported to promote thiations of unacti-
vated chloroarenes under similar reaction conditions but
with higher catalyst loading,[25] afforded conversions of less
than 30% when used in 0.1 mol% quantities.

A parallel study of the coupling of 4-chloroanisole with
thiophenol was conducted. The reactions of thiophenol con-
ducted with the Josiphos ligands 1–6 occurred in a similar

fashion to the reactions of 1-octanethiol. Also similar to the
reactions of the alkane thiol, reactions of thiophenol cata-
lyzed by complexes of the other bisphosphines, including
DPEphos, Xantphos and DiPPF, occurred in low yield.
Thus, CyPF-tBu (1) clearly generated the most active cata-
lyst for the coupling of thiophenol.

Under the standard conditions developed, however, 4-me-
thoxyphenyl phenyl sulfide A was formed with significant
amounts of undesired symmetrical sulfides B and C
(Scheme 1). Formation of these by-products was first de-

scribed for a nickel-catalyzed C�S bond-forming reaction,
and a tentative mechanism for the aryl–aryl scrambling was
proposed.[41] The amount of symmetrical sulfides formed
from reactions of electron-deficient aryl halides and/or elec-
tron donating aromatic thiols is lower than the amount of
these side products formed from reactions of electron-rich
or electron-neutral aryl halides. For example, large amounts
of these symmetrical byproducts were observed from the
coupling of unactivated chloroarenes with an electron-rich
aromatic thiol in the presence of the combination of Pd-
ACHTUNGTRENNUNG(OAc)2 and DiPPF as catalyst. The formation of these by-
products was suppressed by the use of NEt3 as solvent.[25]

To prevent the formation of the symmetrical diaryl sul-
fides we determined the effect of base, solvent, and catalyst
loading for the reaction of 4-chloroanisole with thiophenol.
These results are summarized in Table 2. A significant de-
pendence of the amount of side product on the nature of
the base and its counterion was observed. The quantity of
symmetrical sulfides was only 2% when the reaction was
conducted with KOtBu as base, rather than 9% when it was
conducted with NaOtBu (Table 2, entries 1 and 2); signifi-
cant amounts of B and C were formed from reactions con-
ducted with NaHMDS and LiHMDS as base (Table 2, en-
tries 3–4). Reactions conducted with other bases such as
NaOH, carbonates and amines gave low conversions to
products.

The solvent also affected the amount of the side products
B and C. Reactions in 1,4-dioxane and toluene formed
lower amounts of B and C. Even with NaOtBu as base, only
4% of these materials were formed in these two solvents.
Ultimately, the highest isolated yield and selectivity were
achieved when the reactions were conducted in toluene in
the presence of KOtBu as base (Table 2, entries 5–8). Reac-
tions in toluene with KOtBu as base in the presence of only
0.1 mol% catalyst afforded the coupled product after 6 h at
110 8C in high yields with less than 1% of the side products
(Table 2, entry 9).

Figure 2. Effect of ligand on the coupling of aryl chlorides with thiols at
0.1 mol% catalyst loading. Reaction conditions: 4-chloroanisole
(1 mmol), RSH (1 mmol), Pd ACHTUNGTRENNUNG(OAc)2/ligand (0.1 mol%), NaOtBu
(1.1 mmol) in DME (1.5 mL) at 110 8C for 24 h.

Scheme 1. By-products formed from the coupling of 4-chloroanisole with
thiophenol.
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The palladium source also affected the amount of side
product. Reactions conducted with [Pd ACHTUNGTRENNUNG(dba)2] and Josiphos
ligand 1 as catalyst generated only traces (<0.5%) of by-
product (Table 2, entry 10). Reactions conducted with only
0.1 mol% [Pd ACHTUNGTRENNUNG(dba)2] and Josiphos ligand 1 occurred in high
yield in less than 4 h to form the desired diaryl sulfide in es-
sentially quantitative yield (Table 2, entry 11).

Thus, our studies on reaction conditions showed that the
combination of Pd ACHTUNGTRENNUNG(OAc)2/CyPF-tBu/NaOtBu/DME was
most effective for the coupling of aryl chlorides with aliphat-
ic thiols and that the combination of [Pd ACHTUNGTRENNUNG(dba)2]/CyPF-tBu/
KOtBu/toluene was most effective for reactions of aromatic
thiols. Reactions under the standard conditions, but without
catalyst, formed mostly disulfides. Less than 5% of the aryl
sulfide was formed.

Scope of the reaction—Coupling of unactivated aryl chlor-
ides : Reactions of a series of aryl chlorides with aliphatic
and aromatic thiols were conducted under the optimized re-
action conditions with the combination of palladium and Jo-
siphos ligand 1 as catalyst; the results are given in Tables 3
and 4.

Reactions of aliphatic thiols with chloroarenes are sum-
marized in Table 3. These data show that primary, secon-
dary, and tertiary aliphatic thiols reacted to form the corre-
sponding sulfides in excellent yields within short reaction
times. Reactions were conducted with catalyst loadings in
the range of 0.01 to 0.1 mol%. These loadings are one or
two orders of magnitude lower than those in previous stud-
ies of this reaction (Table 3, entries 1–7, 9–10, 12–16). For in-
stance, the coupling of chlorobenzene with 1-octanethiol oc-
curred in 85% yield with only 100 ppm of catalyst, corre-
sponding to a turnover number of 8500 (Table 3, entry 4).
This value is more than two orders of magnitude higher
than that for the analogous coupling of an unactivated chloro-
arene with a primary thiol catalyzed by the combination of
Pd ACHTUNGTRENNUNG(OAc)2 and DiPPF (48 turnovers).[25] Further attempts to

decrease the catalyst loading of
reactions conducted with the
Josiphos ligand by increasing
the temperature to 140 8C in a
sealed reaction vessel or by
changing the solvent to diethy-
lene glycol diethyl ether (b.p.
188 8C) led to incomplete con-
versions and formation of disul-
fide side product.

Sterically demanding ortho-
substituted chloroarenes cou-
pled in high yield using catalyst
loadings up to 0.5 mol%
(Table 3, entries 13 and 18–21).
Even a di-ortho-substituted
chloroarene reacted with a hin-
dered tertiary thiol, although a
higher catalyst loading and long
reaction time were necessary to

achieve good yield and conversion in this case (Table 3,
entry 22). Reactions could also be conducted at lower tem-
peratures (70 8C) by simply increasing the amount of cata-
lyst to 2.0 mol% and increasing reaction times to 24 h
(Table 3, entries 8, 11 and 17).

Although a majority of the reactions was assembled in a
drybox, identical catalyst activity was observed for reactions
performed under inert atmosphere using common Schlenk
techniques (Table 3, compare entries 3 and 5). Using these
techniques, the coupling reaction was conducted with
5 mmol of chlorobenzene without a decrease in yield or cat-
alyst efficiency (Table 3, entry 6).

Studies on the scope of the coupling of arene thiols are
summarized in Table 4. Again, very high yields in short reac-
tion times were obtained using one or two orders of magni-
tude less catalyst loading than was needed for analogous
couplings with prior systems. In contrast to prior reactions
that occurred in high yields with the combination of unacti-
vated chloroarenes and electron-rich arenethiols or elec-
tron-deficient chloroarenes with electron-neutral aromatic
thiols,[25] the current system coupled either electron-rich,
electron-neutral or electron-deficient chloroarenes with
electron-rich or electron-neutral aromatic thiols.

Unhindered chloroarenes reacted with aromatic thiols
without formation of side products in the presence of 0.05–
0.5 mol% catalyst (Table 4, entries 1–3, 5–12). No significant
increase in the loading was necessary for the coupling of
sterically demanding aromatic thiols, even when electron-
rich aryl chlorides were used (Table 4, entries 13–14). Reac-
tions conducted at lower temperature (70 8C) occurred to
high conversion and in good yield after 48 h in the presence
of 3.0 mol% catalyst (Table 4, entry 4).

Reactions of ortho-substituted chloroarenes also occurred,
but some of these couplings were accompanied by formation
of symmetrical diaryl sulfide side products. The reactions of
electron-rich thiols with ortho-substituted chloroarenes and
the reaction of 2-chloroanisole with thiophenol occurred in

Table 2. Optimization of palladium-catalyzed coupling reaction of 4-chloroanisole with thiophenol using
CyPF-tBu ligand (1).[a]

Entry Base Solvent Pd source Loading [%] t [h] A:B:C [%][b]

1 NaOtBu DME Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 91:4:5
2 KOtBu DME Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 98 (93):1:1
3 NaHMDS DME Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 71:15:14
4 LiHMDS DME Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 56:24:20
5 NaOtBu 1,4-dioxane Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 96:2:2
6 KOtBu 1,4-dioxane Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 97 (87):2:1
7 NaOtBu toluene Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 98 (93):1:1
8 KOtBu toluene Pd ACHTUNGTRENNUNG(OAc)2 0.5 12 >98 (97):1:<1
9 KOtBu toluene Pd ACHTUNGTRENNUNG(OAc)2 0.1 6 >98 (95):<1:<1
10 KOtBu toluene [Pd ACHTUNGTRENNUNG(dba)2] 0.5 12 >99.5 (98):<0.5:–
11 KOtBu toluene [Pd ACHTUNGTRENNUNG(dba)2] 0.1 <4 >99.5 (98):<0.5:–

[a] All the experiments were conducted with a 1:1 ratio of metal to ligand, 1 mmol of both 4-chloroanisole and
thiophenol, and 1.1 equiv base at 110 8C in 1.5 mL solvent. [b] Distribution of sulfides determined by GC. Iso-
lated yield of desired sulfide A is indicated in parentheses.
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high yields without formation of side products (Table 4, en-
tries 17–18). The reaction of 1-chloronaphthalene with thio-
phenol in the presence of only 0.1 mol% catalyst formed
the coupled product in good yield, but 10% of the undesired
symmetrical sulfides also formed. This side product was
eliminated by conducting the reaction at the lower tempera-
ture of 90 8C (3 mol% catalyst). The reactions of 2-chloroto-
luene with thiophenol and with 2-isopropylbenzenthiol did

Table 3. Palladium-catalyzed coupling of aryl chlorides with alkyl thiols
using CyPF-tBu ligand.[a]

Entry Cat. [mol%] Yield [%][b] Product

1 0.1 98

2 0.1 91
3 0.05 91
4 0.01 85
5[c] 0.05 92
6[c,d] 0.05 93

7 0.05 97
8[e] 2.0 97

9 0.05 95

10 0.05 91
11[e] 2.0 89

12 0.1 82

13 0.05 92

14 0.05 96

15 0.05 98

16 0.05 97
17[e] 2.0 91

18 0.25 90

19 0.25 95

20 0.25 97

21 0.5 89

22 3.0 77[f]

[a] All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both chloroarene and alkyl thiol, and NaOtBu (1.1 equiv) in
DME (1.5 mL) for 2–24 h at 110 8C. [b] Isolated yield of an average of
two runs. [c] Reactions performed without using a drybox. [d] 5 mmol
scale. [e] Reaction performed at 70 8C. [f] 82% conversion after 36 h.

Table 4. Palladium-catalyzed coupling of aryl chlorides with aryl thiols
using CyPF-tBu ligand.[a]

Entry Cat. [mol%] Yield [%][b] Product

1 0.1 98

2 0.1 95

3 0.1 95
4[c] 3.0 83

5 0.1 98
6 0.05 86

7 0.1 95

8[d] 0.1 93

9[d] 0.25 98

10 0.25 99

11 0.25 97

12 0.5 89

13 0.25 94

14 0.25 97

15[e] 0.1 84
16[f] 3.0 95

17 1.0 92

18 1.0 97

19[g] 0.5 70

20[g] 0.25 70

21 3.0 –

[a] All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both chloroarene and aryl thiol, and KOtBu (1.1 equiv) in tol-
uene (1.5 mL), requiring 2–24 h of heating at 110 8C to complete. [b] Iso-
lated yield of an average of two runs. [c] Reaction conducted at 70 8C
and stopped after 48 h at 90% conversion. [d] 1.1 equiv LiHMDS were
used as base. [e] ~10% symmetrical sulfides were observed. [f] Reaction
conducted at 90 8C. [g] ~20% symmetrical sulfides were observed.
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not occur at the lower temperature, and reactions at 110 8C
in the presence of 0.25–0.5 mol% catalyst formed the cou-
pled products in 70% yield with about 20% of side products
(Table 4, entries 19–20). Further, the reaction of 2,6-dimeth-
yl chlorobenzene with thiophenol did not occur (Table 4,
entry 21).

Coupling of functionalized aryl chlorides : The efficiency of
the present catalyst system prompted us to evaluate the tol-
erance of this process to the presence of functional groups
that might be expected to poison the catalyst or to react
with thiolate nucleophiles. The coupling of a wide range of
functionalized aryl chlorides with aliphatic thiols is summar-
ized in Table 5. Chloroarenes bearing a nitrile, ketone, car-
boxylic acid, amide, protected or free amino groups, and ar-
omatic or aliphatic hydroxyl groups coupled under the
standard conditions to form the corresponding aryl sulfide
in good to excellent yields (Table 5, entries 1–8 and 12–18).
The catalyst loading for some of these reactions are ex-
tremely low, and even reactions of electron-rich and hin-
dered substrates occurred with loadings at or below
2.0 mol%.

Reactions of aryl chlorides with ester or aldehyde func-
tionalities that occur in modest yield or are incompatible
with nucleophilic alkoxide bases occurred in high yield in
the presence of the weaker Cs2CO3 base (Table 5, entries 10,
11). However, couplings of chloroarenes possessing enoliza-
ble keto functionality were unsuccessful, even with weaker
bases (not included in Table 5). Although both the rate and
the yield of the formation of sulfides from chloroarenes con-
taining electron-withdrawing groups in the para- and ortho-
positions were higher in the presence of our catalyst system
than in the absence of catalyst, uncatalyzed processes did
occur in good yields and conversions after longer times (24–
48 h vs <4 h with the palladium catalyst) at 110 8C (Table 5,
entries 21, 23, 25 vs 22, 24, 26) with the electron-poor
chloroarenes.

The reaction of 1-chloro-2-fluorobenzene with 1-octane-
thiol gave a mixture of the expected aryl sulfide product
and a small amount (8%) of ortho-chlorophenyl sulfide
from reaction at the C�F bond (Table 5, entry 19). Never-
theless, the analogous reaction with a secondary thiol in the
presence of 0.25 mol% of catalyst afforded the expected
ortho-fluorophenyl sulfide with only traces of product from
thiation of both carbon�halogen bonds (Table 5, entry 20).
We envisioned that the minor side product could be formed
by an uncatalyzed nucleophilic substitution at the activated
C�F bond. Indeed, reaction of 1-chloro-2-fluorobenzene
with 1-octanethiol in the absence of catalyst afforded 75%
conversion to the product from substitution at the fluoride,
and the C�Cl bond remained intact, as shown in Scheme 2.
In contrast to these results with electron-poor aryl fluorides,
no C�S bond formation was detected from reaction of unac-
tivated aryl fluorides, such as 1-fluoro-4-methylbenzene, in
the presence of catalyst (Scheme 2).

The scope of reactions of functionalized aryl chlorides
with aromatic thiols is summarized in Table 6. In contrast to

Table 5. Palladium-catalyzed coupling of functionalized aryl chlorides
with aliphatic thiols using CyPF-tBu ligand.[a]

Entry Cat. [mol%] Yield [%][b] Product

1[c] 0.05 90
2[c] 0.01 79

3[c] 0.05 86

4 0.1 76

5 0.05 67
6 0.01 71

7 0.05 98
8 0.01 91

9[d] 0.1 56
10[e] 0.5 72

11[e] 0.25 91

12 0.25 99

13[c] 0.25 96

14 1.0 91

15 0.5 85

16 2.0 97

17[d] 0.5 93
18[e] 0.5 67

19 0.1 78[f]

20 0.25 98[g]

21[c] 0.01 93
22[c,h] - 86

23[c] 0.01 90
24[c,h] – 79 (91)

25[c] 0.25 80
26[c,h] – 77

[a] All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both chloroarene and alkyl thiol, and 2.4 equiv NaOtBu,
unless otherwise stated, in DME (1.5 mL), requiring 2–6 h of heating at
110 8C to complete. [b] Isolated yield of an average of two runs. Conver-
sions in incomplete reactions indicated in parentheses. [c] 1.1 equiv
NaOtBu were employed. [d] 1.02 equiv NaOtBu were used. [e] Reaction
performed using 1.1 equiv CsCO3 as base. [f] Estimated by 1H NMR
(400 MHz) of a mixture with the related aryl sulfide from the reaction at
C�F bond (8% yield). [g] Traces of dithiolation product were observed.
[h] Uncatalyzed reaction.
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the couplings of less functionalized chloroarenes, no sym-
metrical sulfides were detected from reaction of the chlor-
oarenes in Table 6 under the standard conditions involving
Pd ACHTUNGTRENNUNG(OAc)2 and ligand 1 as catalyst, NaOtBu as base and
DME as solvent. Like the reactions of aliphatic thiols, the
coupling reactions following this protocol were tolerant of
nitrile, ketone, carboxylic acid, amide, protected and free
amino groups, and aromatic hydroxyl groups (Table 6, en-
tries 1–4 and 6–8). These reactions occurred in good to ex-
cellent yield with 0.10 to 2.0 mol% catalyst. Even 1-chloro-
2-fluorobenzene coupled with thiophenol in excellent yield
without a competitive background reaction at the C�F
bond. However, both the uncatalyzed and catalyzed reac-
tions of 2-chlorobenzonitrile furnished the corresponding
sulfide in good yield (Table 6, entries 10–11).

For reasons we do not understand, the coupling of aro-
matic thiols conducted with the weaker carbonate base were
unsuccessful. As a result, the coupling of aromatic thiols did
not occur in the presence of aldehyde groups, and reactions
with methyl 3-chlorobenzoate formed 80% of the desired
sulfide with 10–15% of the product from transesterification
(Table 6, entry 5).

ACHTUNGTRENNUNG[CyPF-tBu)PdCl2] as catalyst precursor : These data re-
vealed that an equimolecular combination of metal to ligand
is adequate to promote the coupling of chloroarenes with
both aliphatic and aromatic thiols. Thus, a palladium com-
plex containing a single CyPF-tBu ligand would be an alter-
native catalyst precursor for the C�S bond-forming reac-
tions. The use of such a compound would alleviate the need
to generate the metal–ligand complex in situ. As expected,
[(CyPF-tBu)PdCl2] forms in high yield from
[(CH3CN)2PdCl2] and Josiphos ligand 1 (Scheme 3). Studies

on reactions catalyzed by this complex are presented in this
section. We studied reactions of this compound because it is
more stable over the long-term than the complex formed
from ligand 1 and Pd ACHTUNGTRENNUNG(OAc)2.

Representative experiments were performed with the new
PdII complex using the combination of solvent and base de-
veloped for the different thiols. As shown in Table 7, the

yields, reaction times and catalyst loadings for the coupling
of aliphatic thiols catalyzed by [(CyPF-tBu)PdCl2] were
comparable to those catalyzed by the combination of Pd-
ACHTUNGTRENNUNG(OAc)2 and ligand 1 (Table 7, entries 1–3, 5–6 vs Table 3, en-
tries 1, 3, 14, 16, 21). The reaction of aromatic thiols cata-
lyzed by [(CyPF-tBu)PdCl2] was also efficient (Table 7, en-
tries 7–12). Only one example in this set of reactions re-
quired a slight increase in the catalyst loading (0.25 mol%
for Table 7, entry 7 vs 0.10 mol% for Table 4, entry 7). Re-
actions catalyzed by [(CyPF-tBu)PdCl2] also occurred with
remarkable functional group tolerance. For instance, reac-
tions of aryl chlorides bearing nitrile, ketone, amide and
free amino and aromatic hydroxyl groups occurred in high
yields under conditions similar to those of the couplings cat-
alyzed by PdACHTUNGTRENNUNG(OAc)2 and ligand 1 (Table 7, entries 13–17).

Table 6. Palladium-catalyzed coupling of functionalized aryl chlorides
with aryl thiols using CyPF-tBu ligand.[a]

Entry Cat. [mol%] Yield [%][b] Product

1[c] 0.1 93

2[c] 0.1 95

3 0.25 74

4 0.25 70

5[d,e] 0.25 80

6 0.25 99

7 0.25 91

8 2.0 91

9[d] 1.0 96

10[c] 0.25 99

11[c,f] – 87

[a] All experiments were conducted with a 1:1 ratio of metal to ligand,
1 mmol of both ArCl and thiol, and 2.4 equiv NaOtBu, unless otherwise
stated, in DME (1.5 mL), requiring 2–5 h of heating at 110 8C to com-
plete. [b] Isolated yield. [c] 1.1 equiv NaOtBu were employed. [d] Re-
action performed using 1.1 equiv KOtBu and toluene as solvent. [e] 10–
15% transesterification compound were also isolated. [f] No catalyzed re-
action.

Scheme 2. Nucleophilic aromatic substitution of activated fluoroarenes.

Scheme 3. Synthesis of [(CyPF-tBu)PdCl2].
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Conclusion

In summary, we have shown that palladium complexes gen-
erated from the Josiphos ligand CyPF-tBu are general,

highly efficient catalysts for the coupling of chloroarenes
with thiols. Reactions catalyzed by the complexes generated
in situ from Pd ACHTUNGTRENNUNG(OAc)2 or [Pd ACHTUNGTRENNUNG(dba)2] and ligand 1 and reac-
tions catalyzed by [(CyPF-tBu)PdCl2] occur with turnover
numbers that are typically two orders of magnitude higher
than those of related couplings by previous catalysts. The
ability to conduct reactions with low catalyst loadings illus-
trates that the CyPF-tBu ligand resists deactivation process-
es that could occur by displacement of dative ligands with
thiolates. The process exhibits a broad scope and a high tol-
erance for functionality, such as fluoro, cyano, keto, free car-
boxylate, amido, carboalkoxy, carboxaldehyde, aromatic and
aliphatic hydroxyl and amino functionalities. Only reactions
of hindered aryl chlorides with aromatic thiols and reactions
of aromatic thiols with chloroarenes containing carboxalde-
hyde functionality proceed to partial conversion or form sig-
nificant amounts of side products. Related thiations of more
reactive bromo- and iodoarenes, which overcome these few
limitations of the reactions of chloroarenes, as well as stud-
ies of the mechanism of the coupling process are in prog-
ress.

Experimental Section

General considerations : All reactions were assembled under an inert at-
mosphere. Reactions were conducted in 4 mL vials sealed with a cap con-
taining a PTFE septum. All glassware was oven-dried, evacuated and
purged with nitrogen immediately prior to use. All reaction temperatures
refer to bath temperatures. All common reagents as well as PdACHTUNGTRENNUNG(OAc)2
and bisphosphine ligands 7–12 were obtained from commercial suppliers
and used without further purification. CyPF-tBu (1-dicyclohexylphosphi-
no-2-di-tert-butylphosphinoethylferroceno) as well as the other commer-
cial available Josiphos-type ligands 3–6 were obtained from Solvias AG
and Strem Chemicals and used without purification. [Pd ACHTUNGTRENNUNG(dba)2] was pre-
pared according to literature procedures.[42] Toluene was degassed by
purging with nitrogen for 45 min and dried with a solvent purification
system containing a 1 m column of activated alumina. 1,2-Dimethoxy-
ethane (DME, 99.9% purity, HPLC grade) was used without further pu-
rification, but was stored under nitrogen. Other solvents were dried by
standard methods. Reactions performed at 110 8C in DME (b.p. 85 8C)
were conducted using the standard vials and caps cited above; no loss of
solvent was observed. 1H, 13C and 31P{1H} NMR spectra were recorded in
CDCl3 on 400 MHz or 500 MHz spectrometers with tetramethylsilane or
residual protiated solvent used as a reference. Abbreviations for
1H NMR splitting patterns are: s, singlet; br s, broad singlet; d, doublet; t,
triplet; q, quartet; quint, quintet; sext, sextet; sept, septet; oct, octet; dd,
doublet of doublets; dt, doublet of triplets; td, triplet of doublets; tt, trip-
let of triplets; m, multiplet. The coupling constants are reported in Hertz
(Hz). Flash column chromatography was carried out on silica gel (230–
240 mesh). The yields of the coupled products included in all tables refer
to isolated yields and are the average of two runs. Products that had
been reported previously were isolated in greater than 95% purity, as de-
termined by 1H NMR spectroscopy and capillary gas chromatography
(GC). GC analyses were obtained with a DB-1301 narrow bore column
suitable for use with a fast temperature ramp (max 120 8Cmin�1). Ele-
mental Analyses were performed by Atlantic Microlab, Inc., Norcross,
Georgia 30071.

Synthesis of Josiphos type ligand 2 (1-dicyclohexylphosphino-2-di-tert-bu-
tylphosphinomethylferroceno): This bisphosphine was prepared accord-
ing to literature procedures for related ferrocenyl ligands.[43] Yellow solid
(95% yield); 1H NMR (CD2Cl2): d=4.67 (br s, 1H), 4.16 (m, 1H), 4.10 (s,
5H), 4.09–4.05 (m, 1H), 2.70 (m, 2H), 2.28–2.22 (m, 1H), 2.14–2.05 (m,

Table 7. Palladium-catalyzed coupling of aryl chlorides with thiols using
[(CyPF-tBu)PdCl2] complex.[a]

Entry Cat. [mol%] Yield [%][b] Product

1 0.1 97

2 0.05 97

3 0.05 94

4 0.05 98

5 0.05 93

6 0.5 96

7 0.25 88

8[c] 0.25 97

9 0.5 90

10 0.25 94

11 0.1 98

12[d] 0.5 77

13 0.05 91

14 0.1 80

15[e] 0.5 66

16[e] 0.5 92

17[e] 0.5 96

[a] Experiments were conducted with 1 mmol of both ArCl and thiol,
and 1.1 equiv NaOtBu at 110 8C in DME (1.5 mL). Reactions with un-
functionalized chloroarenes were carried out in toluene (1.5 mL) in the
presence of 1.1 equiv KOtBu. [b] Isolated yield. [c] Reaction performed
using 1.1 equiv LiHMDS. [d] 18% symmetrical sulfides were also ob-
served. [e] 2.4 equiv NaOtBu were employed.
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2H), 1.87–1.60 (m, 13H), 1.47–1.36 (m, 4H), 1.27–1.01 (m, 2H), 1.21 (d,
J=10.8 Hz, 9H), 1.07 (d, J=10.8 Hz, 9H); 31P{1H} NMR (CD2Cl2): d=
26.0 (s), 11.8 (s); elemental analysis calcd (%) for C31H50P2Fe: C 68.88, H
9.32; found: C 68.85, H 9.47.

Preparation of stock solution A (1.0D10�2m): DME (1.0 mL) was added
to a mixture of Pd ACHTUNGTRENNUNG(OAc)2 (2.2 mg) and CyPF-tBu (5.5 mg). The resulting
orange solution was stirred at room temperature for 1 min prior to subse-
quent reactions.

General procedure for the palladium-catalyzed coupling of aryl chlorides
with aliphatic thiols : The appropriate quantity of stock solution A was
added to a 4 mL vial containing the aryl chloride (1.00 mmol) and
sodium tert-butoxide (106 mg, 1.10 mmol) in DME (1.5 mL). The aliphat-
ic thiol (1.00 mmol) was then added, and the vial sealed with a cap con-
taining a PTFE septum. The mixture was heated at 110 8C until the
chloro ACHTUNGTRENNUNGarene 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 using
hexane or a mixture of hexane and ethyl acetate as eluent. Aryl sulfides
were isolated in the yields reported in Table 3.

4-Methoxyphenyl octyl sulfide (Table 3, entry 1):[33] 100 mL of stock solu-
tion A were used; column chromatography: hexane/ethyl acetate 50:1;
colorless liquid (98% yield). 1H NMR (CDCl3): d=7.25 (d, J=8.6 Hz,
2H), 6.76 (d, J=8.6 Hz, 2H), 3.71 (s, 3H), 2.73 (t, J=7.4 Hz, 2H), 1.50
(quint, J=7.4 Hz, 2H), 1.30 (quint, J=7.4 Hz, 2H), 1.22–1.14 (m, 8H),
0.80 (t, J=7.1 Hz, 3H); 13C NMR (CDCl3): d=158.6, 132.8 (2C), 126.9,
114.4 (2C), 55.2, 35.7, 31.7, 29.3, 29.09, 29.06, 28.6, 22.6, 14.0.

Octyl phenyl sulfide (Table 3, entry 2):[44] 100 mL of stock solution A were
used; column chromatography: hexane; colorless liquid (91% yield).
1H NMR (CDCl3): d=7.25–7.23 (m, 2H), 7.21–7.16 (m, 2H), 7.09–7.06
(m, 1H), 2.83 (t, J=7.4 Hz, 2H), 1.57 (quint, J=7.4 Hz, 2H), 1.34 (quint,
J=7.4 Hz, 2H), 1.21–1.18 (m, 8H), 0.80 (t, J=7.1 Hz, 3H); 13C NMR
(CDCl3): d 137.0, 128.7 (4C), 125.5, 33.5, 31.7, 29.09, 29.06 (2C), 28.8,
22.6, 14.0.

Octyl phenyl sulfide (Table 3, entry 3): 50 mL of stock solution A were
used; colorless liquid (91% yield).

Octyl phenyl sulfide (Table 3, entry 4): 10 mL of stock solution A were
used; colorless liquid (85% yield).

Preparation of stock solution B (1.0D10�2m): Pd ACHTUNGTRENNUNG(OAc)2 (2.2 mg) and
CyPF-tBu (5.5 mg) were added in air to a 4 mL vial. The flask was sealed
with a cap containing a PTFE septum and then evacuated and backfilled
with N2. DME (1.0 mL) was then added to the vial by syringe, and the re-
sulting orange solution was stirred at room temperature for 1 min prior
to subsequent reactions.

Representative procedure without using a drybox

A) 1mmol scale (Table 3, entry 5): An oven-dried test tube with a screw
cap containing a PTFE-lined septum was evacuated and backfilled with
N2. To the flask was added NaOtBu (106 mg, 1.10 mmol) and a stir bar.
The flask was evacuated and heated to remove the moisture present in
the base; then evacuated and backfilled with N2 three times. To the flask
was then added chlorobenzene (102 mL, 1.00 mmol), DME (2.0 mL),
50 mL of stock solution B, and 1-octanethiol (173 mL, 1.00 mmol), which
were stored and handled under an inert atmosphere. The resulting mix-
ture was stirred for 6 h at 110 8C until the chlorobenzene was consumed,
as determined by GC. Silica gel (0.5 g) was then added, and solvents
were evaporated under reduced pressure. The crude residue was purified
by column chromatography on silica gel using hexane as eluent to give
octyl phenyl sulfide as a colorless liquid (205 mg, 92%).

B) 5mmol scale (Table 3, entry 6): NaOtBu (0.53 g, 5.50 mmol), chloro-
benzene (0.51 mL, 5.00 mmol), DME (10.0 mL), 250 mL of stock solution
B, and 1-octanethiol (0.87 mL, 5.00 mmol) were used following the same
procedure described above to give, after 18 h, octyl phenyl sulfide as a
colorless liquid (1.03 g, 93%).

4-Methylphenyl octyl sulfide (Table 3, entry 7):[33] 50 mL of stock solution
A were used. Column chromatography: hexane, then hexane/ethyl ace-
tate 50:1; colorless liquid (97% yield). 1H NMR (CDCl3): d?=7.10 (d,
J=8.1 Hz, 2H), 6.95 (d, J=8.1 Hz, 2H), 2.73 (t, J=7.4 Hz, 2H), 2.17 (s,
3H), 1.48 (quint, J=7.4 Hz, 2H), 1.26 (quint, J=7.4 Hz, 2H), 1.17–1.08

(m, 8H), 0.74 (t, J=6.9 Hz, 3H); 13C NMR (CDCl3): d=135.7, 133.1,
129.7 (2C), 129.5 (2C), 34.3, 31.7, 29.2, 29.10, 29.06, 28.7, 22.6, 20.9, 14.0.

4-Methylphenyl octyl sulfide (Table 3, entry 8): A solution of Pd ACHTUNGTRENNUNG(OAc)2
(4.4 mg) and CyPF-tBu (11 mg) in DME (1 mL) was used as catalyst ; the
reaction was conducted at 70 8C; 97% yield.

2-Methylbutyl phenyl sulfide (Table 3, entry 9):[45] 50 mL of stock solution
A were used; column chromatography: hexane; colorless liquid (95%
yield). 1H NMR (CDCl3): d=7.25–7.22 (m, 2H), 7.20–7.15 (m, 2H), 7.08–
7.04 (m, 1H), 2.86 (dd, J=6.0, 12.6 Hz, 1H), 2.66 (dd, J=7.6, 12.6 Hz,
1H), 1.57 (m, 1H), 1.45 (m, 1H), 1.18 (m, 1H), 0.94 (d, J=6.6 Hz, 3H),
0.82 (t, J=7.4 Hz, 3H); 13C NMR (CDCl3): d=137.5, 128.7 (2C), 128.6
(2C), 125.4, 40.6, 34.4, 28.7, 18.8, 11.2.

1-Methylpropyl phenyl sulfide (Table 3, entry 10):[44] 50 mL of stock solu-
tion A were used; column chromatography: hexane; colorless liquid
(91% yield). 1H NMR (CDCl3): d=7.32–7.29 (m, 2H), 7.20–7.16 (m,
2H), 7.13–7.09 (m, 1H), 3.07 (sext, J=6.6 Hz, 1H), 1.57 (m, 1H), 1.45
(m, 1H), 1.18 (d, J=6.6 Hz, 3H), 0.92 (t, J=7.4 Hz, 3H); 13C NMR
(CDCl3): d=135.4, 131.7 (2C), 128.6 (2C), 126.4, 44.7, 29.4, 20.4, 11.4.

1-Methylpropyl phenyl sulfide (Table 3, entry 11): A solution of Pd-
ACHTUNGTRENNUNG(OAc)2 (4.4 mg) and CyPF-tBu (11 mg) in DME (1 mL) was used as cata-
lyst; the reaction was conducted at 70 8C; 89% yield.

2-Methyl-2-propyl 4-trifluoromethylphenyl sulfide (Table 3, entry 12):
100 mL of stock solution A were used; column chromatography: hexane;
colorless liquid (82% yield). 1H NMR (CDCl3): d=7.56 (d, J=7.9 Hz,
2H), 7.50 (d, J=7.9 Hz, 2H), 1.23 (s, 9H); 13C NMR (CDCl3): d=137.6,
137.3 (2C), 130.5 (q, 2JC,F=32.6 Hz), 125.2 (q, 3JC,F=3.8 Hz), 124.5 (q,
1JC,F=272.5 Hz), 46.6, 30.9 (3C); elemental analysis calcd (%) for
C11H13F3S: C 56.39, H 5.59; found: C 56.59, H 5.60.

1-Naphthalenyl octyl sulfide (Table 3, entry 13):[46] 50 mL of stock solution
A were used; column chromatography: hexane; colorless liquid (92%
yield). 1H NMR (CDCl3): d=8.45 (d, J=8.8 Hz, 1H), 7.86 (d, J=8.2 Hz,
1H), 7.74 (d, J=8.2 Hz, 1H), 7.60–7.52 (m, 3H), 7.43 (t, J=8.2 Hz, 1H),
3.0 (t, J=7.5 Hz, 2H), 1.71 (quint, J=7.5 Hz, 2H), 1.49–1.45 (m, 2H),
1.30 (br s, 8H), 0.92 (t, J=7.6 Hz, 3H); 13C NMR (CDCl3): d=134.2,
133.8, 132.8, 128.4, 127.3, 126.7, 126.1, 126.0, 125.5, 124.9, 34.1, 31.7, 29.1
(3C), 28.8, 22.6, 14.0.

Octyl 2-thiophenyl sulfide (Table 3, entry 14):[47] 50 mL of stock solution
A were used; column chromatography: hexan; colorless liquid (96%
yield). 1H NMR (CDCl3): d=7.23 (dd, J=5.4, 1.3 Hz, 1H), 7.02 (dd, J=
3.5, 1.3 Hz, 1H), 6.88 (dd, J=5.4, 3.5 Hz, 1H), 2.70 (t, J=7.3 Hz, 2H),
1.53 (quint, J=7.3 Hz, 2H), 1.33–1.27 (m, 2H), 1.20 (br s, 8H), 0.80 (t,
J=6.9 Hz, 3H); 13C NMR (CDCl3): d=134.9, 133.1, 128.7, 127.3, 38.9,
31.7, 29.3, 29.1, 29.0, 28.3, 22.6, 14.0.

Cyclohexyl 3-methylphenyl sulfide (Table 3, entry 15):[48] 50 mL of stock
solution A were used; column chromatography: hexane, then hexane/
ethyl acetate 50:1; colorless liquid (98% yield). 1H NMR (CDCl3): d=
7.14–7.07 (m, 3H), 6.95–6.93 (m, 1H), 3.02 (tt, J=10.4, 3.7 Hz, 1H), 2.24
(s, 3H), 1.92–1.89 (m, 2H), 1.71–1.67 (m, 2H), 1.55–1.51 (m, 1H), 1.33–
1.13 (m, 5H); 13C NMR (CDCl3): d=138.4, 134.8, 132.4, 128.8, 128.5,
127.4, 46.4, 33.3 (2C), 26.0, 25.7 (2C), 21.2.

Cyclohexyl 4-methylphenyl sulfide (Table 3, entry 16):[48] 50 mL of stock
solution A were used. ; column chromatography: hexane, then hexane/
ethyl acetate 50:1; colorless liquid (97% yield). 1H NMR (CDCl3): d=
7.23 (d, J=8.0 Hz, 2H), 7.01 (d, J=8.0 Hz, 2H), 2.93 (tt, J=10.5, 3.8 Hz,
1H), 2.24 (s, 3H), 1.89–1.86 (m, 2H), 1.69–1.66 (m, 2H), 1.53–1.49 (m,
1H), 1.30–1.11 (m, 5H); 13C NMR (CDCl3): d=136.7, 132.7 (2C), 131.1,
129.4 (2C), 47.0, 33.3 (2C), 26.0, 25.7 (2C), 21.0.

Cyclohexyl 4-methylphenyl sulfide (Table 3, entry 17): A solution of Pd-
ACHTUNGTRENNUNG(OAc)2 (4.4 mg) and CyPF-tBu (11 mg) in DME (1 mL) was used as cata-
lyst; the reaction was conducted at 70 8C; 91% yield.

Cyclohexyl 2-methylphenyl sulfide (Table 3, entry 18):[48] 250 mL of stock
solution A were used; column chromatography: hexan; colorless liquid
(90% yield). 1H NMR (CDCl3): d=7.41–7.39 (m, 1H), 7.22–7.20 (m,
1H), 7.18–7.13 (m, 2H), 3.12 (tt, J=10.4, 3.7 Hz, 1H), 2.43 (s, 3H), 2.02–
2.00 (m, 2H), 1.82–1.79 (m, 2H), 1.66–1.64 (m, 1H), 1.47–1.28 (m, 5H);
13C NMR (CDCl3): d=139.3, 134.5, 131.2, 130.1, 126.3, 126.1, 45.8, 33.3
(2C), 26.0, 25.7 (2C), 20.7.
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2-Methylphenyl octyl sulfide (Table 3, entry 19): 250 mL of stock solution
A were used; column chromatography: hexane; colorless liquid (95%
yield). 1H NMR (CDCl3): d=7.15 (d, J=8.2 Hz, 1H), 7.06–7.03 (m, 2H),
6.98–6.95 (m, 1H), 2.79 (t, J=7.4 Hz, 2H), 2.27 (s, 3H), 1.57 (quint, J=
7.5 Hz, 2H), 1.38–1.32 (m, 2H), 1.19 (br s, 8H), 0.80 (t, J=6.9 Hz, 3H);
13C NMR (CDCl3): d=137.0, 136.4, 129.9, 127.1, 126.2, 125.1, 32.7, 31.7,
29.1 (2C), 28.9 (2C), 22.6, 20.2, 14.0; elemental analysis calcd (%) for
C15H24S: C 76.20, H 10.23; found: C 76.41, H 10.17.

2-Methoxyphenyl octyl sulfide (Table 3, entry 20): 250 mL of stock solu-
tion A were used; column chromatography: hexane/ethyl acetate 50:1;
colorless liquid (97% yield). 1H NMR (CDCl3): d=7.23 (dd, J=7.6,
1.6 Hz, 1H), 7.15–7.12 (m, 1H), 6.90 (td, J=7.6, 1.3 Hz, 1H), 6.82 (dd,
J=8.0, 1.3 Hz, 1H), 3.86 (s, 3H), 2.87 (t, J=7.6 Hz, 2H), 1.65 (quint, J=
7.6 Hz, 2H), 1.43 (m, 2H), 1.31–1.22 (m, 8H), 0.87 (t, J=6.9 Hz, 3H);
13C NMR (CDCl3): d=156.9, 128.4, 126.4, 125.1, 120.8, 110.1, 55.5, 31.7,
31.6, 29.0 (2C), 28.8, 28.7, 22.5, 13.9; elemental analysis calcd (%) for
C22H31O2S: C 73.49, H 8.69; found: C 73.76, H 8.82.

2,5-Dimethylphenyl 2-methyl-2-propyl sulfide (Table 3, entry 21):[25]

500 mL of stock solution A were used; column chromatography: hexane;
colorless liquid (89% yield). 1H NMR (CDCl3): d=7.26 (s, 1H), 7.06 (d,
J=7.9 Hz, 1H), 6.96 (d, J=7.9 Hz, 1H), 2.38 (s, 3H), 2.21 (s, 3H), 1.20
(s, 9H); 13C NMR (CDCl3): d=140.5, 139.4, 135.0, 131.7, 130.0, 129.6,
46.9, 31.0 (3C), 21.2, 20.6.

2,6-Dimethylphenyl 2-methyl-2-propyl sulfide (Table 3, entry 22):[25] A
solution of Pd ACHTUNGTRENNUNG(OAc)2 (6.6 mg) and CyPF-tBu (16.5 mg) in DME (1 mL)
was used as catalyst; column chromatography: hexane; colorless liquid
(77% yield; 82% conversion after 36 h of reaction). 1H NMR (CDCl3):
d=7.04 (br s, 3H), 2.49 (s, 6H), 1.21 (s, 9H); 13C NMR (CDCl3): d=

145.2 (2C), 132.1, 128.2, 127.9 (2C), 49.1, 31.5 (3C), 23.0 (2C).

Preparation of stock solution C (1.0D10�2m): Toluene (1.0 mL) was
added to a mixture of [Pd ACHTUNGTRENNUNG(dba)2] (2.2 mg) and CyPF-tBu (5.5 mg). The
resulting purple solution was stirred at room temperature for 1 min prior
to subsequent reactions.

General procedure for the palladium-catalyzed coupling of aryl chlorides
with aromatic thiols : The appropriate quantity of stock solution C was
added to a 4 mL vial containing the aryl chloride (1.00 mmol) and potasi-
um tert-butoxide (123 mg, 1.10 mmol) in toluene (1.5 mL). The aromatic
thiol (1.00 mmol) was then added, and the vial sealed with a cap contain-
ing a PTFE septum. The mixture was heated at 110 8C until the chloroar-
ene was consumed, as determined by GC. Silica gel (0.5 g) was then
added, and solvents were evaporated under reduced pressure. The crude
residue was purified by column chromatography on silica gel using
hexane or a mixture of hexane and ethyl acetate as eluent. Aryl sulfides
were isolated in the yields reported in Table 4.

4-Methoxyphenyl phenyl sulfide (Table 4, entry 1):[49] 100 mL of stock sol-
ution C were used; column chromatography: hexane/ethyl acetate 50:1;
colorless liquid (98% yield). 1H NMR (CDCl3): d=7.23 (d, J=8.8 Hz,
2H), 7.06–7.02 (m, 2H), 7.00–6.93 (m, 3H), 6.71 (d, J=8.8 Hz, 2H), 3.62
(s, 3H); 13C NMR (CDCl3): d=159.7, 138.5, 135.3 (2C), 128.8 (2C), 128.1
(2C), 125.7, 124.2, 114.9 (2C), 55.3.

Diphenyl sulfide (Table 4, entry 2):[49] 100 mL of stock solution C were
used; column chromatography: hexane; colorless liquid (95% yield).
1H NMR (CDCl3): d=7.26–7.24 (m, 4H), 7.21–7.18 (m, 4H), 7.16–7.13
(m, 2H); 13C NMR (CDCl3): d=135.7 (2C), 130.9 (4C), 129.1 (4C),
126.9 (2C).

4-Methylphenyl phenyl sulfide (Table 4, entry 3):[49] 100 mL of stock solu-
tion C were used; column chromatography: hexane; colorless liquid
(95% yield). 1H NMR (CDCl3): d=7.21 (d, J=8.0 Hz, 2H), 7.19–7.14
(m, 4H), 7.11–7.05 (m, 1H), 7.03 (d, J=8.0 Hz, 2H), 2.25 (s, 3H);
13C NMR (CDCl3): d=137.5, 137.0, 132.2 (2C), 131.2, 130.0 (2C), 129.7
(2C), 128.9 (2C), 126.3, 21.0.

4-Methylphenyl phenyl sulfide (Table 4, entry 4): A solution of [Pd ACHTUNGTRENNUNG(dba)2]
(6.6 mg) and CyPF-tBu (16.5 mg) in toluene (1.0 mL) was used as cata-
lyst; the reaction was heated at 70 8C until no further reaction was ob-
served (93% conversion); 83% yield.

3-Methylphenyl phenyl sulfide (Table 4, entry 5):[50] 100 mL of stock solu-
tion C were used; column chromatography: hexane; colorless liquid

(98% yield). 1H NMR (CDCl3): d=7.22–7.20 (m, 2H), 7.17–7.14 (m,
2H), 7.11–7.03 (m, 4H), 6.92 (m, 1H), 2.18 (s, 3H); 13C NMR (CDCl3):
d=138.9, 136.0, 135.1, 131.7, 130.6 (2C), 129.0 (2C), 128.9, 128.2, 127.9,
126.7, 21.2.

3-Methylphenyl phenyl sulfide (Table 4, entry 6): 50 mL of stock solution
C were used; 86% yield.

4-Methylphenyl 4-methoxyphenyl sulfide (Table 4, entry 7):[51] 100 mL of
stock solution C were used; column chromatography hexane/ethyl ace-
tate 50:1; white solid (95% yield). 1H NMR (CDCl3): d=7.47 (d, J=
8.8 Hz, 2H), 7.25 (d, J=8.0 Hz, 2H), 7.16 (d, J=8.0 Hz, 2H), 6.96 (d, J=
8.8 Hz, 2H), 3.87 (s, 3H), 2.40 (s, 3H); 13C NMR (CDCl3): d=159.3,
135.9, 134.21 (2C), 134.15, 129.6 (2C), 129.2 (2C), 125.4, 114.7 (2C),
55.1, 20.8.

3-Methylphenyl 4-methylphenyl sulfide (Table 4, entry 8):[52] 100 mL of
stock solution C and LiHMDS (184 mg, 1.10 mmol) were used; column
chromatography; hexane; colorless liquid (93% yield). 1H NMR
(CDCl3): d=7.28–7.25 (m, 2H), 7.16–7.07 (m, 5H), 6.97 (d, J=7.3 Hz,
1H), 2.31 (s, 3H), 2.26 (s, 3H); 13C NMR (CDCl3): d=138.7, 137.2, 136.5,
131.9 (2C), 131.5, 130.5, 129.9 (2C), 128.8, 127.3, 127.0, 21.2, 21.0.

4-Methylphenyl phenyl sulfide (Table 4, entry 9): 250 mL of stock solution
C and LiHMDS (184 mg, 1.10 mmol) were used; column chromatogra-
phy: hexane; colorless liquid (98% yield). 1H NMR (CDCl3): d=7.21 (d,
J=8.0 Hz, 2H), 7.19–7.14 (m, 4H), 7.11–7.05 (m, 1H), 7.03 (d, J=8.0 Hz,
2H), 2.25 (s, 3H); 13C NMR (CDCl3): d=137.5, 137.0, 132.2 (2C), 131.2,
130.0 (2C), 129.7 (2C), 128.9 (2C), 126.3, 21.0.

Di-4-methoxyphenyl sulfide (Table 4, entry 10):[28] 250 mL of stock solu-
tion C were used; column chromatography: hexane/ethyl acetate 50:1;:
white solid (99% yield). 1H NMR (CDCl3): d=7.26 (d, J=8.8 Hz, 4H),
6.81 (d, J=8.8 Hz, 4H), 3.76 (s, 6H); 13C NMR (CDCl3): d=158.8 (2C),
132.6 (4C), 127.3 (2C), 114.6 (4C), 55.2 (2C).

3-Methylphenyl 4-methoxyphenyl sulfide (Table 4, entry 11): 250 mL of
stock solution C were used; column chromatography: hexane/ethyl ace-
tate 50:1; colorless liquid (97% yield). 1H NMR (CDCl3): d=7.38 (d, J=
8.8 Hz, 2H), 7.09 (t, J=7.8 Hz, 1H), 7.01 (s, 1H), 6.96–6.91 (m, 2H), 6.85
(d, J=8.8 Hz, 2H); 13C NMR (CDCl3): d=159.6, 138.6, 138.1, 135.0
(2C), 128.8, 128.7, 126.6, 125.3, 124.4, 114.8 (2C), 55.1, 21.2; elemental
analysis calcd (%) for C14H14OS: C 73.01, H 6.13; found: C 73.27, H 6.57.

Phenyl 4-trifluoromethylphenyl sulfide (Table 4, entry 12):[53] 500 mL of
stock solution C were used; column chromatography: hexane; colorless
liquid (89% yield). 1H NMR (CDCl3): d=7.47–7.45 (m, 4H), 7.39–7.35
(m, 3H), 7.28–7.24 (m, 2H); 13C NMR (CDCl3): d=142.8, 133.5 (2C),
132.4, 129.6 (2C), 128.6, 128.2 (2C), 128.1 (q, 2JC,F=32.6 Hz), 125.7 (d,
3JC,F=3.8 Hz), 124.0 (q, 1JC,F=271.6 Hz).

2-Isopropylphenyl 4-methoxyphenyl sulfide (Table 4, entry 13):[54] 250 mL
of stock solution C were used; column chromatography: hexane/ethyl
acetate 50:1; white solid (94% yield). 1H NMR (CDCl3): d=7.44 (d, J=
8.8 Hz, 2H), 7.41 (d, J=7.8 Hz, 1H), 7.31–7.27 (m, 1H), 7.17–7.13 (m,
2H), 6.99 (d, J=8.8 Hz, 2H), 3.88 (s, 3H), 3.68 (sept, J=6.9 Hz, 1H),
1.38 (d, J=6.9 Hz, 6H); 13C NMR (CDCl3): d=159.2, 147.5, 135.6, 134.2
(2C), 130.0, 126.6, 126.2, 125.4, 125.3, 114.8 (2C), 55.1, 30.2, 23.2 (2C).

2-Isopropylphenyl 4-methylphenyl sulfide (Table 4, entry 14): 250 mL of
stock solution C were used; column chromatography: hexane/ethyl ace-
tate 50:1; colorless liquid (97% yield). 1H NMR (CDCl3): d=7.32 (dd,
J=7.7, 1.4 Hz, 1H), 7.26–7.14 (m, 4H), 7.11–7.06 (m, 3H), 3.54 (sept, J=
6.8 Hz, 1H), 2.32 (s, 3H), 1.22 (d, J=6.8 Hz, 6H); 13C NMR (CDCl3):
d=149.2, 136.4, 133.8, 132.7, 132.3, 130.6 (2C), 129.8 (2C), 127.6, 126.4,
125.7, 30.4, 23.4 (2C), 20.9, elemental analysis calcd (%) for C16H18S: C
79.29, H 7.49; found: C 78.99, H 7.57.

1-Naphthalenyl phenyl sulfide (Table 4, entry 15):[46] 100 mL of stock solu-
tion C were used; column chromatography hexane/ethyl acetate 50:1;
colorless liquid (84% yield); 10% of symmetrical sulfides were also
formed. 1H NMR (CDCl3): d=8.26 (s, 1H), 7.71–7.53 (m, 3H), 7.37–7.0
(m, 8H); 13C NMR (CDCl3): d=136.8, 134.1, 133.5, 132.4, 131.1, 129.1,
129.0 (2C), 128.9 (2C), 128.5, 126.8, 126.3, 126.0, 125.7, 125.5.

1-Naphthalenyl phenyl sulfide (Table 4, entry 16): A solution of [Pd-
ACHTUNGTRENNUNG(dba)2] (6.6 mg) and CyPF-tBu (16.5 mg) in toluene (1.0 mL) was used as
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catalyst ; the reaction was heated at 90 8C until reaction was complete
(48 h); 95% yield.

2,5-Dimethylphenyl 4-methoxyphenyl sulfide (Table 4, entry 17):[25]

1000 mL of stock solution C were used; column chromatography: hexane/
ethyl acetate 50:1 ! 20:1; colorless liquid (92% yield). 1H NMR
(CDCl3): d=7.27 (d, J=8.8 Hz, 2H), 7.03 (d, J=7.6 Hz, 1H), 6.89 (d, J=
7.6 Hz, 1H), 6.86–6.82 (m, 3H), 3.75 (s, 3H), 2.31 (s, 3H), 2.18 (s, 3H);
13C NMR (CDCl3): d=159.2, 136.1, 135.9, 134.3, 133.8 (2C), 130.1, 130.0,
127.1, 124.9, 114.8 (2C), 55.1, 20.8, 19.7.

2-Methoxyphenyl phenyl sulfide (Table 4, entry 18):[49] 1000 mL of stock
solution C were used; column chromatography: hexane/ethyl acetate
50:1; colorless liquid (97% yield). 1H NMR (CDCl3): d=7.42–7.40 (m,
2H), 7.36 (t, J=7.4 Hz, 2H), 7.32–7.27 (m, 2H), 7.14 (dt, J=7.8, 1.7 Hz,
1H), 6.96–6.90 (m, 2H), 3.91 (s, 3H); 13C NMR (CDCl3): d=157.1, 134.3,
131.4, 131.3 (2C), 129.0 (2C), 128.2, 126.9, 123.9, 121.1, 110.7, 55.7.

2-Methylphenyl phenyl sulfide (Table 4, entry 19):[49] 500 mL of stock sol-
ution C were used; column chromatography: hexane; colorless liquid
(70% yield); ~20% of symmetrical sulfides were also formed. 1H NMR
(CDCl3): d=7.47–7.19 (m, 9H), 2.50 (s, 3H); 13C NMR (CDCl3): d=

136.0, 133.6, 132.9, 130.9, 130.5, 129.5 (2C), 129.0 (2C), 127.8, 126.6,
126.2, 20.5.

2-Isopropylphenyl 2-methylphenyl sulfide (Table 4, entry 20):[54] 250 mL of
stock solution C were used; column chromatography: hexane; colorless
liquid (70% yield); ~20% of symmetrical sulfides were also formed.
1H NMR (CDCl3): d=7.26 (d, J=7.6 Hz, 1H), 7.19–7.14 (m, 2H), 7.07 (t,
J=7.3 Hz, 1H), 7.02–6.99 (m, 3H), 6.95 (d, J=7.6 Hz, 1H), 3.43 (sept,
J=6.7 Hz, 1H), 2.31 (s, 3H), 1.17 (d, J=6.7 Hz, 6H); 13C NMR (CDCl3):
d=149.3, 138.3, 135.3, 132.9, 131.9, 130.9, 130.3, 127.6, 126.7, 126.54,
126.49, 125.8, 30.5, 23.4 (2C), 20.3.

General procedure for the palladium-catalyzed coupling of functionalized
aryl chlorides with aliphatic and aromatic thiols : The appropriate quanti-
ty of stock solution A was added to a 4 mL vial containing the aryl chlor-
ide (1.00 mmol) and NaOtBu (230 mg, 2.40 mmol), unless otherwise
stated, 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 110 8C until the chloroarene 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 chromatog-
raphy on silica gel using hexane or mixtures of hexane and ethyl acetate
as eluent. Aryl sulfides were isolated in the yields reported in Tables 5
and 6.

3-Cyanophenyl 2-methyl-2-propyl sulfide (Table 5, entry 1): 50 mL of
stock solution A and NaOtBu (106 mg, 1.10 mmol) were used; column
chromatography: hexane/ethyl acetate 50:1; white solid (90% yield).
1H NMR (CDCl3): d=7.82 (s, 1H), 7.76 (d, J=7.8 Hz, 1H), 7.65 (d, J=
7.8 Hz, 1H), 7.45 (t, J=7.8 Hz, 1H), 1.30 (s, 9H); 13C NMR (CDCl3): d=
141.5, 140.2, 134.7, 132.0, 129.1, 118.1, 112.6, 46.7, 30.8 (3C); elemental
analysis calcd (%) for C11H13NS: C 69.07, H 6.85, N 7.32; found: C 69.25,
H 6.78, N 7.25.

3-Cyanophenyl 2-methyl-2-propyl sulfide (Table 5, entry 2): 10 mL of
stock solution A and NaOtBu (106 mg, 1.10 mmol) were used; 79%
yield.

3-Benzoylphenyl cyclohexyl sulfide (Table 5, entry 3): 50 mL of stock sol-
ution A and NaOtBu (106 mg, 1.10 mmol) were used; column chromatog-
raphy: hexane/ethyl acetate 50:1, then 20:1; colorless oil (86% yield).
1H NMR (CDCl3): d=7.90–7.78 (m, 3H), 7.62–7.56 (m, 3H), 7.47 (t, J=
7.9 Hz, 2H), 7.38 (t, J=7.8 Hz, 1H), 3.16 (tt, J=10.4, 3.7 Hz, 1H), 2.0–
1.96 (m, 2H), 1.78–1.75 (m, 2H), 1.62–1.59 (m, 1H), 1.42–1.21 (m, 5H);
13C NMR (CDCl3): d=195.9, 138.0, 137.2, 136.0, 134.9, 132.4, 132.2, 129.9
(2C), 128.5, 128.1 (2C), 127.8, 46.2, 33.0 (2C), 25.8, 25.5 (2C); elemental
analysis calcd (%) for C19H20OS: C 76.98, H 6.80; found: C 76.95, H 6.79.

3-(1-Methylpropylsulfanyl)benzoic acid (Table 5, entry 4): 100 mL of
stock solution A were used; column chromatography: hexane/ethyl ace-
tate 5:1, then 3:1; pale yellow oil (76% yield). 1H NMR (CDCl3): d=

11.92 (br s, 1H), 8.12 (s, 1H), 7.95 (d, J=7.9 Hz, 1H), 7.61 (d, J=7.9 Hz,
1H), 7.39 (t, J=7.9 Hz, 1H), 3.25 (sext, J=6.6 Hz, 1H), 1.73–1.64 (m,
1H), 1.62–1.53 (m, 1H), 1.31 (d, J=6.6 Hz, 3H), 1.03 (t, J=7.4 Hz, 3H);

13C NMR (CDCl3): d=171.9, 136.8, 136.5, 132.5, 129.8, 128.8, 128.1, 44.7,
29.4, 20.4, 11.3; elemental analysis calcd (%) for C11H14O2S: C 62.83, H
6.71; found: C 62.87, H 6.80.

3-(2-Methyl-2-propylsulfanyl)benzoic acid (Table 5, entry 5):[55] 50 mL of
stock solution A were used; column chromatography: hexane/ethyl ace-
tate 5:1, then 3:1; white solid (67% yield). 1H NMR (CDCl3): d=12.01
(br s, 1H), 8.30 (s, 1H), 8.12 (d, J=7.8 Hz, 1H), 7.78 (d, J=7.8 Hz, 1H),
7.46 (t, J=7.8 Hz, 1H), 1.31 (s, 3H); 13C NMR (CDCl3): d=171.8, 142.6,
138.7, 133.6, 130.3, 129.6, 128.6, 46.3, 30.9 (3C).

3-(2-Methyl-2-propylsulfanyl)benzoic acid (Table 5, entry 6): 10 mL of
stock solution A were used; 71% yield.

3-(2-Methyl-2-propylsulfanyl)benzamide (Table 5, entry 7): 50 mL of stock
solution A were used; column chromatography: hexane/ethyl acetate 1:1
mixture; white solid (98% yield). 1H NMR (CDCl3): d=7.99 (t, J=
1.7 Hz, 1H), 7.85 (dt, J=7.8, 1.4 Hz, 1H), 7.68 (td, J=7.8, 1.7 Hz, 1H),
7.41 (t, J=7.8 Hz, 1H), 6.70–6.48 (m, 2H), 1.29 (s, 9H); 13C NMR
(CDCl3): d=169.2, 140.6, 135.9, 133.7, 133.4, 128.6, 127.7, 46.2, 30.8 (3C);
elemental analysis calcd (%) for C11H15NOS: C 63.12, H 7.22, N 6.69;
found: C 62.92, H 7.19, N 6.57.

3-(2-Methyl-2-propylsulfanyl)benzamide (Table 5, entry 8): 10 mL of stock
solution A were used; 91% yield.

Methyl 3-cyclohexylsulfanylbenzoate (Table 5, entry 9):[25] 100 mL of
stock solution A and NaOtBu (98 mg, 1.02 mmol) were used; column
chromatography: hexane/ethyl acetate 50:1; pale yellow oil (56% yield).
1H NMR (CDCl3): d=7.97 (s, 1H), 7.78 (d, J=7.9 Hz, 1H), 7.48 (d, J=
7.9 Hz, 1H), 7.28–7.24 (m, 1H), 3.83 (s, 3H), 3.10–3.05 (m, 1H), 1.90–
1.86 (m, 2H), 1.69–1.67 (m, 2H), 1.54–1.51 (m, 1H), 1.33–1.15 (m, 5H);
13C NMR (CDCl3): d=166.5, 136.0, 135.8, 132.3, 130.6, 128.6, 127.5, 52.0,
46.4, 33.1 (2C), 25.8, 25.6 (2C).

Methyl 3-cyclohexylsulfanylbenzoate (Table 5, entry 10): 500 mL of stock
solution A and Cs2CO3 (359 mg, 1.10 mmol) were used; 72% yield.

3-(2-Methyl-2-propylsulfanyl)benzaldehyde (Table 5, entry 11): 250 mL of
stock solution A and Cs2CO3 (359 mg, 1.10 mmol) were used; column
chromatography: hexane/ethyl acetate 50:1; colorless oil (91% yield).
1H NMR (CDCl3): d=10.03 (s, 1H), 8.02 (t, J=1.6 Hz, 1H), 7.88 (dt, J=
7.6, 1.6 Hz, 1H), 7.79 (dt, J=7.6, 1.6 Hz, 1H), 7.51 (t, J=7.6 Hz, 1H),
1.31 (s, 9H); 13C NMR (CDCl3): d=191.5, 143.0, 138.2, 136.5, 134.2,
129.4, 128.9, 46.2, 30.7 (3C); elemental analysis calcd (%) for C11H14OS:
C 68.00, H 7.26; found: C 67.88, H 7.45.

N-(3-(2-Methylbutylsulfanyl)phenyl) acetamide (Table 5, entry 12):
250 mL of stock solution A were used; column chromatography: hexane/
ethyl acetate 3:1, then 1:1; white solid (99% yield). 1H NMR (CDCl3):
d=8.45 (br s, 1H), 7.58 (s, 1H), 7.27 (d, J=7.9 Hz, 1H), 7.16 (t, J=
7.9 Hz, 1H), 7.01 (d, J=7.9 Hz, 1H), 2.89 (dd, J=6.0, 12.6 Hz, 1H), 2.70
(dd, J=7.6, 12.6 Hz, 1H), 2.14 (s, 3H), 1.63 (oct, J=6.6 Hz, 1H), 1.54–
1.46 (m, 1H), 1.27–1.19 (m, 1H), 0.98 (d, J=6.6 Hz, 3H), 0.87 (t, J=
6.8 Hz, 3H); 13C NMR (CDCl3): d=169.0, 138.4, 138.3, 128.9, 123.9,
119.6, 117.0, 40.2, 34.2, 28.5, 24.2, 18.7, 11.0; elemental analysis calcd (%)
for C13H19NOS: C 65.78, H 8.07, N 5.90; found: C 65.54, H 8.12, N 5.89.

3-(2-Methyl-2-propylsulfanyl)aniline (Table 5, entry 13): 250 mL of stock
solution A and NaOtBu (106 mg, 1.10 mmol) were used; column chroma-
tography: hexane/ethyl acetate 20:1, then 5:1; yellow oil (96% yield).
1H NMR (CDCl3): d=7.10 (t, J=7.8 Hz, 1H), 6.93 (d, J=7.6 Hz, 1H),
6.87 (s, 1H), 6.67 (dd, J=7.8, 2.5 Hz, 1H), 3.71 (br s, 2H), 1.29 (s, 9H);
13C NMR (CDCl3): d=146.1, 133.2, 129.0, 127.5, 123.7, 115.4, 45.6, 30.9
(3C); elemental analysis calcd (%) for C10H15NS: C 66.25, H 8.34, N
7.73; found: C 66.16, H 8.34, N 7.76.

4-(2-Methyl-2-propylsulfanyl)phenol (Table 5, entry 14):[56] 1000 mL of
stock solution A were used; column chromatography: hexane/ethyl ace-
tate 5:1, then 3:1; white solid (91% yield). 1H NMR (CDCl3): d=7.39 (d,
J=8.5 Hz, 2H), 6.80 (d, J=8.5 Hz, 2H), 5.62 (br s, 1H), 1.26 (s, 9H);
13C NMR (CDCl3): d=156.3, 139.0 (2C), 123.4, 115.5 (2C), 45.6, 30.6
(3C).

3-(2-Methylbutylsulfanyl)phenol (Table 5, entry 15): 500 mL of stock solu-
tion A were used; column chromatography: hexane/ethyl acetate 20:1;
yellow oil (85% yield). 1H NMR (CDCl3): d=7.04 (t, J=7.9 Hz, 1H),
6.80 (m, 1H), 6.72 (t, J=2.1 Hz, 1H), 6.53 (m, 1H), 5.90–4.20 (br s, 1H),
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2.84 (dd, J=12.3, 5.7 Hz, 1H), 2.65 (dd, J=12.3, 7.6 Hz, 1H), 1.58 (oct,
J=6.6 Hz, 1H), 1.49–1.40 (m, 1H), 1.22–1.13 (m, 1H), 0.93 (d, J=6.6 Hz,
3H), 0.82 (d, J=7.4 Hz, 3H); 13C NMR (CDCl3): d=155.6, 139.1, 129.8,
120.7, 115.0, 112.5, 40.2, 34.3, 28.7, 18.8, 11.1; elemental analysis calcd
(%) for C11H16OS: C 67.30, H 8.22; found: C 67.52, H 8.27.

2-Octylsulfanylphenol (Table 5, entry 16):[57] A solution of Pd ACHTUNGTRENNUNG(OAc)2
(4.4 mg) and CyPF-tBu (11 mg) in DME (1 mL) as catalyst was used;
column chromatography: hexane/ethyl acetate 50:1; yellow liquid (97%
yield). 1H NMR (CDCl3): d=7.38 (dd, J=7.6, 1.5 Hz, 1H), 7.17 (dt, J=
7.6, 1.5 Hz, 1H), 6.90 (d, J=8.1 Hz, 1H), 6.80–6.76 (m, 1H), 6.70 (br s,
1H), 2.60 (t, J=7.5 Hz, 2H), 1.50–1.43 (m, 2H), 1.31–1.17 (m, 10H), 0.79
(t, J=6.8 Hz, 3H); 13C NMR (CDCl3): d=156.8, 135.8, 130.8, 120.6,
119.1, 114.6, 36.7, 31.7, 29.5, 29.04, 28.98, 28.5, 22.5, 14.0.

4-(1-Hydroxyethyl)phenyl 2-methyl-2-propyl sulfide (Table 5, entry 17):
500 mL of stock solution A and NaOtBu (98 mg, 1.02 mmol) were used;
column chromatography: hexane/ethyl acetate 20:1, then 5:1; colorless
oil (93% yield). 1H NMR (CDCl3): d=7.50 (d, J=8.0 Hz, 2H), 7.33 (d,
J=8.0 Hz, 2H), 4.91 (q, J=6.6 Hz, 1H), 1.95 (br s, 1H), 1.50 (d, J=
6.6 Hz, 3H), 1.28 (s, 9H); 13C NMR (CDCl3): d=146.3, 137.5 (2C), 131.5,
125.4 (2C), 70.0, 45.8, 30.9 (3C), 25.1; elemental analysis calcd (%) for
C12H18OS: C 68.52, H 8.63; found: C 68.49, H 8.63.

4-(1-Hydroxyethyl)phenyl 2-methyl-2-propyl sulfide (Table 5, entry 18).
500 mL of stock solution A and Cs2CO3 (359 mg, 1.10 mmol) were used;
67% yield.

2-Fluorophenyl octyl sulfide (Table 5, entry 19): 100 mL of stock solution
A were used; column chromatography; hexane/ethyl acetate 50:1 mixture
(78% yield). It could not be separated of the corresponding aryl sulfide
from the reaction at C�F bond (8% yield). The following spectroscopic
data were obtained from the mixture. 1H NMR (CDCl3): d=7.28–7.24
(m, 1H), 7.11–7.06 (m, 1H), 7.00–6.92 (m, 2H), 2.80 (t, J=7.3 Hz, 2H),
1.53 (quint, J=7.6 Hz, 2H), 1.40–1.27 (m, 2H), 1.18 (br s, 8H), 0.79 (t,
J=6.8 Hz, 3H); 13C NMR (CDCl3): d=161.2 (d, 1JC,F=244.6 Hz), 131.4,
127.7 (d, 3JC,F=7.7 Hz), 124.2 (d, 3JC,F=3.9 Hz), 123.7 (d, 2JC,F=27.6 Hz),
115.4 (d, 2JC,F=23.0 Hz), 33.1, 31.7, 29.1 (2C), 29.0, 28.6, 22.5, 14.0.

2-Fluorophenyl 1-methylpropyl sulfide (Table 5, entry 20): 250 mL of
stock solution A were used; column chromatography: hexane; colorless
liquid (98% yield). Traces of the product of dithiolation were observed
and could not be separated. 1H NMR (CDCl3): d=7.42 (td, J=7.6,
1.8 Hz, 1H), 7.26–7.21 (m, 1H), 7.09–7.03 (m, 2H), 3.22 (sext, J=6.6 Hz,
1H), 1.70–1.61 (m, 1H), 1.59–1.47 (m, 1H), 1.25 (d, J=6.6 Hz, 3H), 1.00
(t, J=7.4 Hz, 3H); 13C NMR (CDCl3): d=162.3 (d, 1JC,F=245.4 Hz),
134.7, 128.9 (d, 3JC,F=8.4 Hz), 124.1 (d, 3JC,F=3.8 Hz), 122.1 (d, 2JC,F=

17.6 Hz), 115.6 (d, 2JC,F=13.8 Hz), 44.3, 29.5, 20.3, 11.2.

Benzyl 4-benzoylphenyl sulfide (Table 5, entry 21):[58] 10 mL of stock solu-
tion A and NaOtBu (106 mg, 1.10 mmol) were used; column chromatog-
raphy: hexane/ethyl acetate 20:1, then 5:1; white solid (93% yield).
1H NMR (CDCl3): d=7.75 (d, J=8.3 Hz, 2H), 7.71 (d, J=8.3 Hz, 2H),
7.59–7.55 (m, 1H), 7.47 (t, J=7.6 Hz, 2H), 7.38 (d, J=7.6 Hz, 2H), 7.35–
7.25 (m, 5H), 4.23 (s, 2H); 13C NMR (CDCl3): d=195.6, 143.4, 137.6,
136.2, 134.3, 132.1, 130.5 (2C), 129.7 (2C), 128.62 (2C), 128.55 (2C),
128.1 (2C), 127.4, 126.6 (2C), 37.1.

Benzyl 4-benzoylphenyl sulfide (Table 5, entry 22): No catalyzed reaction.
NaOtBu (106 mg, 1.10 mmol) were used; 86% yield.

4-Cyanophenyl cyclohexyl sulfide (Table 5, entry 23):[48] 10 mL of stock
solution A and NaOtBu (106 mg, 1.10 mmol) were used; column chroma-
tography: hexane/ethyl acetate 20:1; white solid (90% yield). 1H NMR
(CDCl3): d=7.53 (d, J=8.8 Hz, 2H), 7.35 (d, J=8.8 Hz, 2H), 3.32 (tt, J=
10.2, 3.5 Hz, 1H), 2.06–2.03 (m, 2H), 1.84–1.80 (m, 2H), 1.69–1.65 (m,
1H), 1.49–1.27 (m, 5H); 13C NMR (CDCl3): d=143.9, 132.1 (2C), 128.4
(2C), 118.8, 108.3, 44.8, 32.8 (2C), 25.8, 25.5 (2C).

4-Cyanophenyl cyclohexyl sulfide (Table 5, entry 24): No catalyzed reac-
tion. NaOtBu (106 mg, 1.10 mmol) were used and the reaction heated for
48 h; 79% yield, 91% conversion.

2-Cyanophenyl 2-methyl-2-propyl sulfide (Table 5, entry 25):[59] 250 mL of
stock solution A and NaOtBu (106 mg, 1.10 mmol) were used; column
chromatography: hexane/ethyl acetate 50:1, then 20:1; yellow liquid
(80% yields). 1H NMR (CDCl3): d=7.73 (dd, J=7.6, 1.5 Hz, 1H), 7.71–

7.69 (m, 1H), 7.58 (td, J=7.6, 1.5 Hz, 1H), 7.49 (td, J=7.5, 1.2 Hz, 1H),
1.36 (s, 9H); 13C NMR (CDCl3): d=138.7, 136.4, 133.5, 132.1, 129.1,
121.1, 118.0, 48.7, 30.8 (3C).

2-Cyanophenyl 2-methyl-2-propyl sulfide (Table 5, entry 26): No cata-
lyzed reaction. NaOtBu (106 mg, 1.10 mmol) and the reaction heated for
24 h; 77% yield.

3-Cyanophenyl phenyl sulfide (Table 6, entry 1):[54] 100 mL of stock solu-
tion A and NaOtBu (106 mg, 1.10 mmol) were used; column chromatog-
raphy: hexane/ethyl acetate 50:1; colorless liquid (93% yield). 1H NMR
(CDCl3): d=7.46–7.31 (m, 9H); 13C NMR (CDCl3): d=139.8, 133.2 (2C),
132.7, 132.0, 131.5, 129.7 (2C), 129.5, 129.4, 128.7, 118.1, 113.2.

3-Benzoylphenyl phenyl sulfide (Table 6, entry 2): 100 mL of stock solu-
tion A and NaOtBu (106 mg, 1.10 mmol) were used; column chromatog-
raphy: hexane/ethyl acetate 50:1, then 20:1; colorless oil (95% yield).
1H NMR (CDCl3): d=7.75–7.71 (m, 3H), 7.62 (dt, J=7.6, 1.3 Hz, 1H),
7.57–7.53 (m, 1H), 7.48–7.23 (m, 9H); 13C NMR (CDCl3): d=195.7,
138.3, 137.2, 136.9, 134.1, 133.6, 132.5, 131.9 (2C), 131.2, 129.9 (2C),
129.3 (2C), 128.9, 128.2 (2C), 128.1, 127.7; elemental analysis calcd (%)
for C19H14OS: C 78.59, H 4.86; found: C 78.65, H 4.87.

3-(4-Methoxyphenylsulfanyl)benzoic acid (Table 6, entry 3):[54] 250 mL of
stock solution A were used; column chromatography: hexane/ethyl ace-
tate 3:1, then 1:1; white solid (74% yield). 1H NMR (CDCl3): d=7.90
(br s, 1H), 7.86–7.83 (m, 1H), 7.45 (d, J=9.0 Hz, 2H), 7.36–7.31 (m, 2H),
6.92 (d, J=9.0 Hz, 2H), 3.83 (s, 3H); 13C NMR (CDCl3): d=171.8, 160.1,
140.1, 135.9 (2C), 132.6, 129.9, 129.0, 128.9, 127.2, 122.8, 115.2 (2C), 55.3.

3-Phenylsulfanylbenzamide (Table 6, entry 4):[60] 250 mL of stock solution
A were used; column chromatography: hexane/ethyl acetate 1:1; white
solid (70% yield). 1H NMR (CDCl3): d=7.75 (t, J=1.8 Hz, 1H), 7.65
(dt, J=7.6, 1.3 Hz, 1H), 7.43–7.26 (m, 7H), 6.40–6.18 (m, 2H); 13C NMR
(CDCl3): d=168.9, 137.4, 134.3, 134.2, 133.5, 131.8 (2C), 129.4 (2C),
129.3, 128.9, 127.7, 125.6.

Methyl 3-phenylsulfanylbenzoate (Table 6, entry 5):[41] 250 mL of stock
solution C and KOtBu (123 mg, 1.10 mmol) were used. The reaction was
conducted in toluene (1.5 mL); column chromatography: hexane/ethyl
acetate 50:1, then 20:1; colorless liquid (80% yield; 10–15% of tert-butyl
ester derivative was also observed). 1H NMR (CDCl3): d=8.01 (t, J=
1.8 Hz, 1H), 7.88 (dt, J=7.9, 1.3 Hz, 1H), 7.46 (m, 1H), 7.38–7.25 (m,
6H), 3.89 (s, 3H); 13C NMR (CDCl3): d=166.4, 137.0, 134.6, 134.5, 131.6
(2C), 131.3, 131.1 (2C), 129.3, 129.1, 127.9, 127.6, 52.2.

N-(3-Phenylsulfanyl)phenyl acetamide (Table 6, entry 6): 250 mL of stock
solution A were used; column chromatography: hexane/ethyl acetate 1:1;
colorless oil (99% yield). 1H NMR (CDCl3): d=7.80 (br s, 1H), 7.46 (d,
J=8.1 Hz, 1H), 7.39 (t, J=1.8 Hz, 1H), 7.36–7.19 (m, 6H), 7.02 (d, J=
7.8 Hz, 1H), 2.09 (s, 3H); 13C NMR (CDCl3): d=168.7, 138.6, 136.8,
134.9, 131.5 (2C), 129.5, 129.1 (2C), 127.3, 126.1, 121.4, 118.4, 24.4; ele-
mental analysis calcd (%) for C14H13NOS: C 69.11, H 5.39, N 5.76;
found: C 69.04, H 5.37, N 5.77.

3-Phenylsulfanylaniline (Table 6, entry 7):[61] 250 mL of stock solution A
were used; column chromatography: hexane/ethyl acetate 5:1; yellow oil
(91% yield). 1H NMR (CDCl3): d=7.35–7.32 (m, 2H), 7.29–7.20 (m,
3H), 7.05 (t, J=8.1 Hz, 1H), 6.73–6.68 (m, 1H), 6.61–6.09 (m, 1H), 6.53–
6.50 (m, 1H), 3.60 (br s, 2H); 13C NMR (CDCl3): d=147.0, 136.3, 135.6,
130.9 (2C), 129.8, 129.0 (2C), 126.8, 120.8, 116.9, 113.8.

4-(2-Isopropylphenylsulfanyl)phenol (Table 6, entry 8): A solution of Pd-
ACHTUNGTRENNUNG(OAc)2 (4.4 mg) and CyPF-tBu (11 mg) in DME (1 mL) was used as cata-
lyst; column chromatography: hexane/ethyl acetate 20:1, then 5:1; pale
yellow oil (91% yield). 1H NMR (CDCl3): d=7.22–7.16 (m, 3H), 7.13–
7.08 (m, 1H), 7.00–6.93 (m, 2H), 6.74–6.70 (m, 2H), 5.28 (br s, 1H), 3.43
(m, 1H), 1.16 (dd, J=6.8, 1.8 Hz, 6H); 13C NMR (CDCl3): d=155.3,
147.7, 135.5, 134.4 (2C), 130.1, 126.7, 126.3, 125.6, 125.5, 116.4 (2C), 30.2,
23.2 (2C); elemental analysis calcd (%) for C15H16OS: C 73.73, H 6.60;
found: C 73.45, H 6.64.

2-Fluorophenyl phenyl sulfide (Table 6, entry 9):[62] 1000 mL of stock solu-
tion C and KOtBu (123 mg, 1.10 mmol) were used. The reaction was con-
ducted in toluene (1.5 mL); column chromatography: hexane was used as
eluent; colorless liquid (96% yield). 1H NMR (CDCl3): d=7.18–7.05 (m,
7H), 6.94–6.86 (m, 2H); 13C NMR (CDCl3): d=161.0 (d, 1JC,F=
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246.9 Hz), 134.0, 133.3, 130.8 (2C), 129.3, 129.2 (2C), 127.2, 124.6 (d,
3JC,F=10.7 Hz), 122.6 (d, 2JC,F=17.6 Hz), 115.8 (d, 2JC,F=22.23 Hz).

2-Cyanophenyl phenyl sulfide (Table 6, entry 10):[59] 250 mL of stock solu-
tion A and NaOtBu (106 mg, 1.10 mmol) were used; column chromatog-
raphy: hexane/ethyl acetate 20:1 mixture; colorless liquid (99% yield).
1H NMR (CDCl3): d=7.54 (d, J=8.0 Hz, 1H), 7.39–7.37 (m, 2H), 7.34–
7.29 (m, 4H), 7.19–7.15 (m, 1H), 7.03 (d, J=8.0 Hz, 1H); 13C NMR
(CDCl3): d=142.1, 133.5, 133.4 (2C), 132.9, 131.6, 129.7, 129.6 (2C),
128.8, 126.3, 116.8, 112.6.

2-Cyanophenyl phenyl sulfide (Table 6, entry 11): No catalyzed reaction.
NaOtBu (106 mg, 1.10 mmol) and the reaction heated for 24 h; 87%
yield.

Synthesis of [(CyPF-tBu)PdCl2]: Josiphos CyPF-tBu (55 mg, 0.10 mmol)
was added to a solution of (CH3CN)2PdCl2 (26 mg, 0.10 mmol) in CH2Cl2
(5.0 mL) and the resulting mixture was stirred for 30 min at room tem-
perature. The reaction mixture was filtered through Celite and the result-
ing solution concentrated under vacuum to approximately 1.0 mL. Red
needle crystals (65 mg, 90% yield) were obtained by layering with
hexane and cooling at �10 8C. 1H NMR (CDCl3): d=4.85 (s, 1H), 4.55 (s,
1H), 4.53 (s, 1H), 4.25 (s, 5H), 3.60–3.75 (m, 1H), 3.00–3.10 (m, 1H),
2.50–2.60 (m, 1H), 2.27–2.90 (m, 1H), 2.13–2.25 (m, 2H), 2.00–2.10 (m,
1H), 1.97 (dd, J=9.0, 7.5 Hz, 3H), 1.70–1.95 (m, 4H), 1.20–1.30 (m, 8H),
1.63 (d, J=13.0 Hz, 9H), 1.30–1.45 (m, 4H), 1.23 (d, J=14.5 Hz, 9H);
13C NMR (CDCl3): d=96.5 (dd, J=13.3, 5.5 Hz), 71.9 (d, J=2.5 Hz), 69.9
(d, J=9.1 Hz), 69.8 (5C), 69.6 (d, J=9.2 Hz), 69.3 (t, J=5.7 Hz), 41.60
(d, J=35.5 Hz), 41.57 (d, J=8.2 Hz), 40.6 (d, J=11.2 Hz), 37.6 (d, J=
35.5 Hz), 34.5 (t, J=9.1 Hz), 32.0 (d, J=1.9 Hz, 3C), 31.1 (d, J=1.9 Hz,
3C), 30.0, 29.2, 28.1, 27.6 (d, J=6.8 Hz), 27.3 (d, J=10.2 Hz), 27.0 (d, J=
12.6 Hz), 26.9 (d, J=5.2 Hz), 26.8 (d, J=3.8 Hz), 26.1 (d, J=1.9 Hz),
25.6, 18.0 (d, J=6.7 Hz); elemental analysis calcd (%) for
C32H52Cl2FeP2Pd: C 52.51, H 7.16; found: C 52.72, H 7.38.

Preparation of stock solution D (1.0D10�2m): [(CyPF-tBu)PdCl2]
(7.3 mg) was diluted in THF (1.0 mL) and the resulting orange solution
was stirred at room temperature for 1 min prior to subsequent reactions.

General procedure for the palladium-catalyzed coupling of aryl chlorides
with thiols using [(CyPF-tBu)PdCl2] complex : The appropriate quantity
of stock solution D was added to a 4 mL vial containing the aryl chloride
(1.00 mmol) and base (1.10 mmol) in 1.5 mL of solvent (NaOtBu and
DME for aliphatic thiols, KOtBu and toluene for aromatic thiols, unless
otherwise stated). The thiol (1.00 mmol) was then added, and the vial
sealed with a cap containing a PTFE septum. The mixture was heated at
110 8C until the chloroarene 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 using hexane or a mixture of hexane and ethyl acetate as
eluent. Aryl sulfides were isolated in the yields reported in Table 7.

4-Methoxyphenyl octyl sulfide (Table 7, entry 1): 100 mL of stock solution
D were used; 97% yield.

Octyl phenyl sulfide (Table 7, entry 2): 50 mL of stock solution D were
used; 97% yield.

Cyclohexyl 4-methylphenyl sulfide (Table 7, entry 3): 50 mL of stock solu-
tion D were used; 94% yield.

2-Methylbutyl 3-methoxyphenyl sulfide (Table 7, entry 4): 50 mL of stock
solution D were used; column chromatography: hexane/ethyl acetate
50:1; colorless liquid (98% yield). 1H NMR (CDCl3): d=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, 5.9 Hz, 1H), 2.64 (dd, J=12.5, 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); 13C NMR (CDCl3): d=159.6, 138.8, 129.4, 120.5, 113.7,
110.9, 55.0, 40.2, 34.3, 28.7, 18.8, 11.1; elemental analysis calcd (%) for
C12H18OS: C 68.52, H 8.63; found: C 68.32, H 8.68.

Octyl 2-thiophenyl sulfide (Table 7, entry 5). 50 mL of stock solution D
were used; 93% yield.

2,5-Dimethylphenyl 2-methyl-2-propyl sulfide (Table 7, entry 6): 3.7 mg
of [(CyPF-tBu)PdCl2] were used; 96% yield.

4-Methylphenyl 4-methoxyphenyl sulfide (Table 7, entry 7): 250 mL of
stock solution D were used; 88% yield.

4-Methylphenyl phenyl sulfide (Table 7, entry 8): 250 mL of stock solution
D and LiHMDS (184 mg, 1.10 mmol) were used; 97% yield.

Phenyl 4-trifluoromethylphenyl sulfide (Table 7, entry 9): 3.7 mg of
[(CyPF-tBu)PdCl2] were used; 90% yield.

2-Isopropylphenyl 4-methoxyphenyl sulfide (Table 7, entry 10): 250 mL of
stock solution D were used; 94% yield.

1-Naphthalenyl phenyl sulfide (Table 7, entry 11): 100 mL of stock solu-
tion D were used; 98% yield, <2% of symmetrical sulfides were detect-
ed.

2-Methylphenyl phenyl sulfide (Table 7, entry 12): 3.7 mg of [(CyPF-
tBu)PdCl2] were used; 77% yield, 18% of symmetrical sulfides were also
formed.

3-Cyanophenyl 2-methyl-2-propyl sulfide (Table 7, entry 13): 50 mL of
stock solution D were used; 91% yield.

3-Benzoylphenyl cyclohexyl sulfide (Table 7, entry 14): 100 mL of stock
solution D were used; 80% yield.

3-Phenylsulfanylbenzamide (Table 7, entry 15): 3.7 mg of [(CyPF-
tBu)PdCl2] and NaOtBu (230 mg, 2.40 mmol) were used; 66% yield.

3-Phenylsulfanylaniline (Table 7, entry 16): 3.7 mg of [(CyPF-tBu)PdCl2]
and NaOtBu (230 mg, 2.40 mmol) were used; 92% yield.

3-(2-Methylbutylsulfanyl)phenol (Table 7, entry 17): 3.7 mg of [(CyPF-
tBu)PdCl2] and NaOtBu (230 mg, 2.40 mmol) were used; 96% yield.

Acknowledgements

We thank the NIH-NIGMS (GM-55382) for support of this work. M.
FernEndez-RodrGguez is indebted to the Ministerio de EducaciSn y Cien-
cia for a MEC/Fulbright postdoctoral fellowship.

[1] P. Metzner, A. Thuillier, Sulfur Reagents in Organic Synthesis (Eds.:
A. R. Katritzky, O. Meth-Cohn, C. W. Rees), Academic Press, San
Diego, CA, 1994.

[2] Comprehensive Organic Synthesis, Vol. 6 (Eds.: B. M. Trost, I. Flem-
ing), Pergamon Press, New York, 1991.

[3] G. Liu, J. R. Huth, E. T. Olejniczak, R. Mendoza, P. DeVries, S.
Leitza, E. B. Reilly, G. F. Okasinski, S. W. Fesik, T. W. von Geldern,
J. Med. Chem. 2001, 44, 1202–1210.

[4] G. Liu, J. T. Link, Z. Pei, E. B. Reilly, S. Leitza, B. Nguyen, K. C.
Marsh, G. F. Okasinski, T. W. von Geldern, M. Ormes, K. Fowler, M.
Gallatin, J. Med. Chem. 2000, 43, 4025–4040.

[5] C. Q. Meng, P. K. Somers, L. K. Hoong, X. S. Zheng, Z. Ye, K. J.
Worsencroft, J. E. Simpson, M. R. Hotema, M. D. Weingarten, M. L.
MacDonald, R. R. Hill, E. M. Marino, K.-L. Suen, J. Luchoomun, C.
Kunsch, L. K. Landers, D. Stefanopoulos, R. B. Howard, C. L. Sun-
dell, U. Saxena, M. A. Wasserman, J. A. Sikorski, J. Med. Chem.
2004, 47, 6420–6432.

[6] Y. Wang, S. Chackalamannil, Z. Hu, J. W. Clader, W. Greenlee, W.
Billard, H. Binch, G. Crosby, V. Ruperto, R. A. Duffy, R. McQuade,
J. E. Lachowicz, Bioorg. Med. Chem. Lett. 2000, 10, 2247–2250.

[7] S. F. Nielsen, E. O. Nielsen, G. M. Olsen, T. Liljefors, D. Peters, J.
Med. Chem. 2000, 43, 2217–2226.

[8] M.-L. Alcaraz, S. Atkinson, P. Cornwall, A. C. Foster, D. M. Gill,
L. A. Humphries, P. S. Keegan, R. Kemp, E. Merifield, R. A. Nixon,
A. J. Noble, D. O9Beirne, Z. M. Patel, J. Perkins, P. Rowan, P.
Sadler, J. T. Singleton, J. Tornos, A. J. Watts, I. A. Woodland, Org.
Process Res. Dev. 2005, 9, 555–569.

[9] S. W. Kaldor, V. J. Kalish, J. F. Davies II, B. V. Shetty, J. E. Fritz, K.
Appelt, J. A. Burgess, K. M. Campanale, N. Y. Chirgadze, D. K.
Clawson, B. A. Dressman, S. D. Hatch, D. A. Khalil, M. B. Kosa,
P. P. Lubbehusen, M. A. Muesing, A. K. Patick, S. H. Reich, K. S.
Su, J. H. Tatlock, J. Med. Chem. 1997, 40, 3979–3985.

Chem. Eur. J. 2006, 12, 7782 – 7796 � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7795

FULL PAPERCross-Coupling

www.chemeurj.org


[10] G. De Martino, M. C. Edler, G. La Regina, A. Coluccia, M. C. Bar-
bera, D. Barrow, R. I. Nicholson, G. Chiosis, A. Brancale, E. Hamel,
M. Artico, R. Silvestri, J. Med. Chem. 2006, 49, 947–954.

[11] G. De Martino, G. La Regina, A. Coluccia, M. C. Edler, M. C. Bar-
bera, A. Brancale, E. Wilcox, E. Hamel, M. Artico, R. Silvestri, J.
Med. Chem. 2004, 47, 6120–6123.

[12] J. F. Hartwig in Handbook of Organopalladium Chemistry for Or-
ganic synthesis, Vol. 1 (Ed.: E.-i. Negishi), Wiley-Interscience, New
York, 2002, pp. 1051–1106.

[13] J. F. Hartwig in Modern Arene Chemistry (Ed.: C. Austruc), Wiley-
VCH, Weinheim, Germany, 2002, pp. 107–168.

[14] A. R. Muci, S. L. Buchwald, Top. Curr. Chem. 2002, 219, 131–209.
[15] D. Prim, J.-M. Campagne, D. Joseph, B. Andrioletti, Tetrahedron

2002, 58, 2041–2075.
[16] B. H. Yang, S. L. Buchwald, J. Organomet. Chem. 1999, 576, 125–

146.
[17] J. F. Hartwig, Angew. Chem. 1998, 110, 2154–2177; Angew. Chem.

Int. Ed. 1998, 37, 2046–2067.
[18] J. F. Hartwig, Acc. Chem. Res. 1998, 31, 852–860.
[19] J. P. Wolfe, S. Wagaw, J.-F. Marcoux, S. L. Buchwald, Acc. Chem.

Res. 1998, 31, 805–818.
[20] Review: T. Kondo, T.-a. Mitsudo, Chem. Rev. 2000, 100, 3205–3220.
[21] T. Migita, T. Shimizu, Y. Asami, J. Shiobara, Y. Kato, M. Kosugi,

Bull. Chem. Soc. Jpn. 1980, 53, 1385–1389.
[22] M. Kosugi, T. Shimizu, T. Migita, Chem. Lett. 1978, 13–14.
[23] C. Mispelaere-Canivet, J.-F. Spindler, S. Perrio, P. Beslin, Tetrahe-

dron 2005, 61, 5253–5259.
[24] T. Itoh, T. Mase, Org. Lett. 2004, 6, 4587–4590.
[25] M. Murata, S. L. Buchwald, Tetrahedron 2004, 60, 7397–7403.
[26] G. Y. Li, G. Zheng, A. F. Noonan, J. Org. Chem. 2001, 66, 8677–

8681.
[27] G. Y. Li, Angew. Chem. 2001, 113, 1561–1564; Angew. Chem. Int.

Ed. 2001, 40, 1513–1516.
[28] U. Schopfer, A. Schlapbach, Tetrahedron 2001, 57, 3069–3073.
[29] N. Zheng, J. C. McWilliams, F. J. Fleitz, J. D. Armstrong, III, R. P.

Volante, J. Org. Chem. 1998, 63, 9606–9607.
[30] For a recent review in cross-coupling reactions with chloroarenes

see: A. F. Littke, G. C. Fu, Angew. Chem. 2002, 114, 4350–4386;
Angew. Chem. Int. Ed. 2002, 41, 4176–4211.

[31] Nickel-catalyzed: H. J. Cristau, B. Chabaud, A. Chene, H. Christol,
Synthesis 1981, 892–894.

[32] For a review on cooper-catalyzed coupling, see: S. V. Ley, A. W.
Thomas, Angew. Chem. 2003, 115, 5558–5607; Angew. Chem. Int.
Ed. 2003, 42, 5400–5449.

[33] For a recent report of the coupling of bromobenzene with benzene-
thiol catalyzed by CuI/N,N-dimethyl glycine (20 mol%) see: W.
Deng, Y. Zou, Y.-F. Wang, L. Liu, Q.-X. Guo, Synlett 2004, 1254–
1258.

[34] Three examples of coupling of aryl bromides were reported using
CuI (10 mol%) under microwave heating: Y.-J. Wu, H. He, Synlett
2003, 1789–1790.

[35] D. BaraÇano, J. F. Hartwig, J. Am. Chem. Soc. 1995, 117, 2937–2938.
[36] J. Louie, J. F. Hartwig, J. Am. Chem. Soc. 1995, 117, 11598–11599.
[37] G. Mann, D. BaraÇano, J. F. Hartwig, A. L. Rheingold, I. A. Guzei,

J. Am. Chem. Soc. 1998, 120, 9205–9219.
[38] Q. Shen, S. Shekhar, J. P. Stambuli, J. F. Hartwig, Angew. Chem.

2005, 117, 1395–1399; Angew. Chem. Int. Ed. 2005, 44, 1371–1375.
[39] M. A. FernEndez-RodrGguez, Q. Shen, J. F. Hartwig, J. Am. Chem.

Soc. 2006, 128, 2180–2181.
[40] No loss of solvent was observed in reactions performed at 100 or

110 8C in DME (b.p. 85 8C), see Experimental Section for more de-
tails.

[41] K. Takagi, Chem. Lett. 1987, 2221–2224.
[42] T. Ukai, H. Kawazura, Y. Ishii, J. J. Bonnet, J. A. Ibers, J. Organo-

met. Chem. 1974, 65, 253–266.
[43] H. C. L. Abbenhuis, U. Burckhardt, V. Gramlich, A. Togni, A. Albi-

nati, B. MVller, Organometallics 1994, 13, 4481–4493.
[44] M. Barbero, I. Degani, N. Diulgheroff, S. Dughera, R. Fochi, M. Mi-

gliaccio, J. Org. Chem. 2000, 65, 5600–5608.
[45] A. Kamimura, H. Sasatani, T. Hashimoto, N. Ono, J. Org. Chem.

1989, 54, 4998–5003.
[46] T. Nakazawa, N. Hirose, K. Itabashi, Synthesis 1989, 955–957.
[47] I. Robert, W. Higgins, R. Garrett, J. Org. Chem. 1962, 27, 2168–

2170.
[48] P. S. Herradura, K. A. Pendola, R. K. Guy, Org. Lett. 2000, 2, 2019–

2022.
[49] C. G. Bates, R. K. Gujadhur, D. Venkataraman, Org. Lett. 2002, 4,

2803–2806.
[50] A. R. Katritzky, P. Lue, J. Org. Chem. 1990, 55, 74–78.
[51] I. W. J. Still, F. D. Toste, J. Org. Chem. 1996, 61, 7677–7680.
[52] G. A. Olah, Y. D. Vankar, M. Arvanaghi, Synthesis 1979, 984–985.
[53] G. Petrillo, M. Novi, G. Garbarino, C. Dell’erba, Tetrahedron 1987,

43, 4625–4634.
[54] F. Y. Kwong, S. L. Buchwald, Org. Lett. 2002, 4, 3517–3520.
[55] S. Munavalli, A. Hassner, D. I. Rossman, S. Singh, D. K. Rohrbaugh,

C. P. Ferguson, J. Fluorine Chem. 1995, 73, 7–11.
[56] J. Clayden, J. Jonathan, A. Cooney, M. Julia, J. Chem. Soc. Perkin

Trans. 1 1995, 7–14.
[57] A. S. Kalgutkar, K. R. Kozak, B. C. Crews, G. P. Hochgesang, Jr.,

L. J. Marnett, J. Med. Chem. 1998, 41, 4800–4818.
[58] J. B. Baumann, J. Org. Chem. 1971, 36, 396–398.
[59] E. Guiu, C. Claver, S. CastillSn, J. Organomet. Chem. 2004, 689,

1911–1918.
[60] J. F. Bunnett, M. M. Rauhut, J. Org. Chem. 1956, 21, 934–938.
[61] I. D. Rae, Can. J. Chem. 1965, 43, 2614–2616.
[62] G. Petrillo, M. Novi, G. Garbarino, C. Dell’erba, Tetrahedron 1986,

42, 4007–4016.

Received: July 4, 2006
Published online: September 29, 2006

www.chemeurj.org � 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 7782 – 77967796

J. F. Hartwig et al.

www.chemeurj.org

	_: Pagination corrected Oct. 17, 2006


