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1. INTRODUCTION

Transition metal catalysis has dramatically changed the face of
modern organic chemistry by introducing a range of novel synthetic
methods. A number of outstanding catalytic systems have been
developed in recent years. These are applicable to stereo-, regio-,
chemo-, and enantioselective transformations of all classes of organic
compounds. Of particular interest are the fascinating catalytic
achievements made in the field of carbon-heteroatom bond for-
mation. Several very efficient catalytic systems have been developed
for the formation of C-N, C-O, and C-P bonds as well as many
other carbon-element bonds (Si, B, Sn, Ge, etc.).1-8

Until recently, the efficient and selective construction of C-S
bonds in transition-metal-catalyzed transformations remained
relatively rare compared to methods developed for other car-
bon-heteroatom bonds such as those mentioned above. Cata-
lyst poisoning by sulfur species, in particular by thiols and
disulfides (RSH and R2S2), was one of the serious limiting factors
in this area. Indeed, it has been reported that even very low con-
centrations of these sulfur species can rapidly and irreversibly
deactivate the catalyst.9,10 This problem has been successfully
overcome, and in recent decades, several excellent catalytic sys-
tems have been found for C-S bond formation, leading to the
development of practical procedures for organic synthesis.
Applications were further expanded to include catalytic C-Se
bond formation as well as some examples of C-Te bonds.

Catalytic methods for C-S and C-Se bond formation are
of great demand in general organic synthesis as well as in the
pharmaceutical industry and inmaterial science application.11-13

In the pharmaceutical field, for example, relevant syntheses in-
clude selective M2 muscarinic receptor antagonists, COX-2
inhibitors (nonsteroidal anti-inflammatory drugs study), MAP
kinase p38 (intracellular signal transduction cascade) inhibitors,
human immunodeficiency virus type 1 (HIV-1) protease inhibi-
tors, leukocyte function-associated antigen-1 antagonists, hypox-
ia-directed bioreductive cytotoxins, ATPase activity of human
papillomavirus E1 helicase inhibitors, folate-synthesizing en-
zymes of cell cultures of Candida albicans inhibitors, antitumor
agents, and folate-dependent enzyme inhibitors in cancer cells.12

Without doubt, many future pharmaceutical applications will
require the development of C-S and C-Se bond-based synth-
esis to fulfill the increasing demand and practical requirements.

Toward achieving this aim, two general methods were devel-
oped for transition-metal-catalyzed reactions. The first method
involves the cross-coupling of organic halides with RZH or R2Z2
(Z = S, Se, Te). Cross-coupling chemistry is a widely recognized
approach for the construction of newC-C andC-Z bonds. The
general mechanistic framework shown in Scheme 1 is well-
known. Low valent metal complexes are used as catalysts, and
the catalytic cycle includes the following stages: (i) oxidative
addition of an organic halide R-X, (ii) transmetalation, and (iii)
C-heteroatom reductive elimination. Cross-coupling transfor-
mations are substitution reactions, and they produce a salt as a
byproduct (or HX, which is trapped by a suitable base).

Another important approach to the formation of C-Z bonds
involves the addition reaction of Z-Z and Z-H bonds to the
triple bond of alkynes (Scheme 2). The catalytic cycle of these
addition reactions includes the following stages: (i) oxidative
addition; (ii) alkyne coordination and insertion; and (iii) C-Z
reductive elimination to form the carbon-heteroatom bond (or
protonolysis to form a C-H bond). It should be noted that
compared with the cross-coupling reactions discussed above, one
important difference in the second stage of the catalytic cycle is
that alkyne insertion occurs instead of transmetalation. Such a
mechanistic change leads to substantial practical advantages in
terms of Green Chemistry. This is due to the fact that addition
reactions are characterized by 100% atom efficiency (no other
products like HX, salt, etc.).
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In this review, we describe C-S and C-Se bond formation
utilizing both the transition-metal-catalyzed cross-coupling and
the addition reaction approach. C-Te bond formation reactions
will also be considered, although this chemistry is still in the early
stages of development. It should be pointed out that metal-
catalyzed reactions are the most efficient for the formation of
Csp2-Z and Csp-Z bonds, because nucleophilic substitution
on the Csp3 atoms occurs readily and usually does not require a
metal catalyst.14 Noncatalytic reactions in the absence of transi-
tion metal catalysts are beyond the scope of the present review.
Some relevant aspects of the title topic have been partially addressed
in a range of previous reviews on Pd-catalyzed reactions,15-17 Cu-
catalyzed reactions,16,18-21 f-element catalysis,22 catalytic C-S bond
formation,23,24 the synthesis of organic sulfides and selenides,25-28

and catalytic addition reactions.29-31 Here we will focus on a
discussion of state-of-the-art development of the most significant
C-S, C-Se, and C-Te bond-formation research involving cross-
coupling and addition reactions.

2. CATALYTIC CROSS-COUPLING REACTIONS
(Z = S, SE, TE)

2.1. Pd-Catalyzed Transformations
The first successful reaction of an aromatic-heteroatom bond

formation, that of a C-S bond, was demonstrated in 1978 by the
Japanese chemists Kosugi, Shimizu, and Migita.32 Diaryl sulfides
and arylalkyl sulfides were obtained from thiols and ArX deriva-
tives in moderate to good yields (Scheme 3). High yields were
obtained from the reaction with thiolate anions in EtOH or
DMSO solutions.33

This reaction was further extended to encompass vinyl halides
and was found to proceed in a stereospecific manner with
retention of the CdC double-bond geometry. The result was
overall high product yields (Scheme 4).34

Reactions with tin derivatives such as Bu3SnSR or Me3SnSR,
in the absence of base, are characterized by quantitative yields. In
the case of vinylhalcogenides, high stereospecificity is also a fea-
ture.35-38 A representative example of such a reaction involving
Me3SnSR is shown in Scheme 5.39 The scope of Pd-catalyzed
coupling reactions of organotinsulfides for heteroaromatic ha-
lides was also studied.40

The cross-coupling of the silyl derivatives of the thiols R3SiSH
led to the formation of either vinyl (or aryl) silylsubstituted
sulfides (Scheme 6).41,42 Further transformation of the products
using alkylation or Pd-catalyzed alkenylation reactions was re-
ported as a route to making unsymmetrical RSR0 sulfides as the
final products. This stepwise synthetic approach allowed for
avoiding usage of some scarcely available Ar(Het)SH, which
otherwise would be required to prepare the same final products
in a single step utilizing cross-coupling.41,42 This method has also
been used for the preparation of bispyrimidine thioethers.43 An
optimized protocol (5 mol % of Pd(OAc)2 and 22 mol % of
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PPh3) has also been reported for the synthesis of silyl-protected
aryl thiols via a C-S cross-coupling of aryl halides or triflates with
Pri3SiSH.

44

A series of aromatic and aliphatic triisopropylsilanylsulfanyls
was prepared from aryl and alkyl halides in a Pd-catalyzed
reaction (Scheme 7).45 Further transformations involved the
preparation of sulfonyl chlorides and sulfonamides.

Cross-coupling of E,E-1,4-diiodobuta-1,3-diene46 was carried
out using Pd(PPh3)4 as the catalyst under mild conditions in
tetrahydrofuran (THF) or toluene at 20 �C (Scheme 8).47

Replacement of both iodide atoms was performed with total
retention of the double-bond geometry.

Benzene thiol arylation with bromobenzene utilizing a bipha-
sic aqueous-toluene system was reported by Foa and co-work-
ers (Scheme 9).48

Arylation of amino acid derivatives with the thiol groupwas carried
out in the Pd2dba3-dppf-NMP-Et3N system.49,50 It should be
mentioned that even in the early development stages of this catalytic
methodology, nickel51 and copper55 complexes were considered as
potentially useful replacements for Pd catalysts. However, in both
cases, high temperatures were required to carry out the reactions.

An important point clarifying the mechanistic picture of this
reaction was reported by Hartwig and co-workers.17,53,54 Inves-
tigation of the stoichiometric C-S reductive elimination reac-
tion on Pd complexes with bidentate ligands indicated the need
for extra amounts of phosphine ligand (Scheme 10). This finding
clearly emphasizes the noticeable difference between cross-
coupling reactions involving the formation of C-heteroatom
as opposed to C-C bonds. In addition, it was reported that
coupling reactions involving aryl- and vinyl thiol derivatives are
easier compared to their alkyl analogues. For ArS groups with
electron-donating substituents, the reductive elimination step
was faster compared to those bearing electron-withdrawing
substituents.53,54 The importance of the C-S reductive elimina-
tion step in cross-coupling reactions was addressed in the
detailed mechanistic study reported by Jutand and co-workers.55

It should be noted that an interest in the detailed study of these
cross-coupling reactions leading to the formation of C-S and
C-Se bonds was greatly facilitated after the discovery of the
amination reaction 17 years after Kosugi and Migita’s landmark
paper. As in the case of amination reactions, the study of C-S
cross-coupling catalytic procedures was devoted to the develop-
ment of new catalytic systems. These studies focused particularly
on finding new ligands, which would extend the scope of the
arylation reagents to include aryl triflates, aryl tosylates, unac-
tivated aryl bromides, and aryl chlorides. Another important goal
is the need to carry out reactions under mild conditions.

In 1998, after screening the available ligands, Zheng and co-
workers found that Pd(OAc)2-BINAP-LiCl and in particular
the Pd(OAc)2-Tol-BINAP system can catalyze cross-coupling
reactions of various triflates.56 However, a relatively large amount
of the catalyst was required for the reaction to occur (Scheme 11).
Various ArSBun products were synthesized using the Pd(OAc)2-
Tol-BINAP system with NaN(SiMe3)2 as the base.

57

Surprisingly, the phosphine oxide But2P(O)H, proposed by Li
and co-workers, was found to be an efficient ligand for C-S
cross-coupling reactions. Its use made it possible to carry out
the reaction at 110 �C even using unactivated aryl chlorides
(Scheme 12).58,59 This catalytic system has been used in the
reaction of 1-chloro-1-cyclopentene (Scheme 13).60

Unsymmetrical aromatic and heteroaromatic thioethers were
obtained from Ar(Py)I and Ar(Het)SH using the Pd2dba3/DPE-
phos/ButOK system in toluene at 100 �C in high yields.61

A series of mono- and bidentate ligands were studied in reactions
involving p-MeOC6H4Br by Murata and Buchwald. Two

Scheme 7

Scheme 8

Scheme 9
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efficient ligands were selected for the reaction with benzene
thiol-DiPPF and DPE-phos, but only one ligand was active in
the reaction with ButSH-DiPPF (2 mol % cat, Pd/P = 1:1.2,
ButONa, dioxane, 100 �C).62 The catalytic system using a DiPPF
ligand was also employed in the reaction of various alkyl thiols
with ArBr (including o-substituted), and also with unactivated
aryl chlorides (Chart 1).

Another excellent example of an efficient bisphosphine ligand
is CyPF-But. It was developed by Hartwig and co-workers. Using
this ligand made it possible to carry out the cross-coupling of
ArCl and ArOTf with thiols (Scheme 14).63 This bisphosphine
ligand possesses a high coordination ability with metal species
and it is well balanced, which allows both oxidative addition and
reductive elimination stages. This catalytic system showed high
efficiency in the reaction with p-MeC6H4I and p-MeC6H4Br,
thus making it possible to utilize very low concentrations of the
catalyst (up to 0.001 mol %).64,65 A one-pot synthesis for
unsymmetrical diaryl thioethers was developed using the Pd-
(OAc)2/CyPF-Bu

t catalytic system (0.5 mol %) with triisopro-
pylsilanethiol as the thiol surrogate66a as well as coupling with
potassium thioacetate.66b

An interesting reaction using the Josiphos-type (R)-(S)-
PPF-But2 ligand with Pd2dba3 as the metal precursor was
reported. This reaction leads to the enantioselective synthesis
of aryl sulfoxides, which was carried out via arylation of sulfenate
anions obtained from the corresponding β-sulfinyl esters
(Scheme 15).67 Good yields of between 67 and 99% and

moderate to good enantioselectivities (up to 83% ee) were
observed. The same coupling reaction using the achiral ligand
Xantphos has also been reported.68

It was reported that using catalytic amounts of ZnCl2 in a
combination with a palladium catalyst allowed the cross-coupling
of aryl and alkyl thiols with aryl bromides. Using 0.5 mol % of
[Pd(μ-Br)(PBut3)2] gave high yields.69

A good efficiency was reported for the Pd2dba3-Xantphos
catalytic system. It was successfully used to carry out the cross-
coupling reaction of ArBr, ArOTf, and p-NO2C6H4Cl with alkyl-
and aryl thiols.70,71 Pd complexes with Xantphos and BINAP
ligands were utilized for introducing aryl sulfide and alkyl sulfonyl
groups into the meso-position of porphyrins, leading to the
formation of mono- and disubstituted derivatives.72 Special
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reagents for tomography applications were synthesized via the
reaction of 6-iodo-2(40-N,N-dimethylamino) phenylimidazo-
[1,2-a]pyridine with RSSnMe3; DiPPF and Tol-BINAP were
the ligands of choice for the reaction.73 The key step in the
synthesis of the immunomudulator KRP-203 was carried out
using the Xantphos ligand (Chart 2).74

The Suzuki-Miyaura cross-coupling of organic halides with
boronic derivatives is a well-known methodology for C-C bond
formation.75 The cross-coupling of 9-organothio-9-borabicyclo-
[3.3.1]nonanes with aryl iodides, alkenyl iodides, and carbonates
have all been successfully carried out as a route to organic sulfides
(Scheme 16).76 High yields of the unsymmetrical sulfides were
reported using relatively mild conditions at 50 �C.

A Pd-catalyzed C-S bond formation reaction was carried out
using indium tri(organothiolate) as the nucleophilic coupling partner
(Scheme 17).77 Using this procedure, a wide range of aryl-aryl,
aryl-alkyl, aryl-vinyl, and alkyl-vinyl sulfides were prepared in
good to excellent yields. In the reactions involving alkenyl halides,
retention of the double-bond geometry was observed.

The synthesis of functionalized benzothiophenes has also
been carried out using a cascade reaction of gem-dihalovinyl
thiophenol for consecutive C-S and C-C bond formation via
intramolecular S-thiophenylation and cross-coupling (Scheme 18).78

Substituted benzothiophenes were also prepared through the
use of the intramolecular thio-enolate S-arylation reaction
(Scheme 19) using DPE-phos ligand (Chart 1).79 The enolates
derived from o-haloaryl-substituted thio-ketones underwent a
cascade sequence under Pd-catalyzed conditions, and the pro-
ducts were formed in moderate to good yields.

Arylation and vinylation of some cystein derivatives were
carried out using the Pd2dba3/dppf system with aryl iodides
and alkenyl iodides/bromides, respectively (Scheme 20).80 This

study is of interest because it makes access to biologically active
molecules containing the cystein core possible.80,81 The same catalytic
systemwas utilized to carry out the key step in the synthesis of Isoaliin,
which is the main cystein sulfoxide found in onions Allium cepa
(Scheme 21)82a and for cross-coupling under mild conditions.82b The
mechanism of the cross-coupling reaction of cysteine derivative was
studied using both 31P NMR and electrochemistry.55

A three-component reaction of o-bromothiophenol and o-
iodobromobenzene with amines led to the formation of a C-S
and two C-N bonds in the Pd2dba3/dppf/NaOBu

t system.83

The reaction was carried out using microwave heating and
resulted in good to high yields of products.

BunONa or ButONa are most frequently used for carrying out
the cross-coupling reactions of ArX and RSH. Krief and co-
workers showed that NaH or CsOH can be a more convenient
choice, although the reaction may require higher temperatures
(Scheme 22).84 It was reported that, for the synthesis of
thioethers, the Pd0L4 complexes can be replaced with the more
stable Pd(II) analogues.85

A combinatorial technique was employed for the construction
of a library of m-(HOCH2)C6H4SR products (Scheme 23).86,87

High yields were achieved (93-96%), although significant
loadings of the Pd2dba3 catalyst (0.2 equiv) and dppf ligand
(0.8 equiv) were required.87

Synthesis of diaryl selenides via the cross-coupling reaction of
Ar0SeH is a more challenging task due to the scarce availability of
this type of reagent in addition to their facile oxidation in air. The
reaction with the tin derivative Ar0SeSnBu3 (readily available
from Ar02Se2 and Bu3SnSnBu3) was proposed as an alternatiove
route to unsymmetrical Ar0SeAr under Pd-catalyzed conditions
(Scheme 24).88,89 However, the reaction with ArBr required a
higher temperature and the concomitant risk of the facile
disproportionation of R3SnSeAr0 to (R3Sn)2Se and Ar02Se.

88-90

Aryl thiocyanates were used as a source for the ArS moieties
through reduction by SmI2 followed by Pd-catalyzed cross-
coupling with aryl halides.91 The proposed mechanism involves
the formation of the samarium thiolate (ArS)SmI2, transmetala-
tion with Ar-Pd-X, and finally C-S reductive elimination.
Moderate to good product yields were observed using 10 mol %
of the PdCl2(PPh3)2/dppe catalyst.

Diaryl diselenides can serve as a source of ArSe groups. In
addition, diaryl disulfides can be considered as a source of ArS

Chart 2

Scheme 16

Scheme 17

Scheme 18

Scheme 19
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groups. To form PhSeAr, a one-pot procedure involving the
reduction of Ph2Se2 by Na/NH3 followed by further transforma-
tion into the tin derivative and cross-coupling was developed.92

Reduction of the PhZZPh by Zn (Z = S, Se) was used as a first
step in the cross-coupling reaction with ArBr (Scheme 25).93

The ArSR disulfides were obtained in high yields, while a lower
yield was observed for the ArSeR derivative. It should be
mentioned that a convenient procedure was recently reported
for the quantitative reduction of diselenides to form selenols (Zn
in acidic media).94

In(I) has been reported as a good reducing agent for the Z-Z
bond. The anions formed can be easily alkylated under non-
catalytic conditions.95,96 They can also be arylated and vinylated
under Pd-catalyzed conditions (Scheme 26).97 Although the
reaction is stereospecific for the E-isomer in the case of the Z-
isomer, a mixture of isomers was detected. It should be pointed
out that, for the reduction of PhSSPh, other reducing agents like
NaH or Na2SO3 may also be used.98 In some cases, the InI-
promoted reaction of Ph2Se2 and Ar2S2 with organic halides was
carried out in CH2Cl2 at room temperature without using a
transition metal catalyst.99 For Z = Te, the reaction with alkenyl-
boranes was reported in the synthesis of vinyltellurides.100

In addition to -SAr groups, the scope of cross-coupling
reactions was extended to -SO2Ar and -S-COOMe groups.
The reaction of sulfonium acid salts with aryl- and vinyl halides or
triflates (Xantphos, Cs2CO3, Bu4NCl, PhMe, 80 �C for ArI or
120 �C for ArBr and ArOTf) made it possible to synthesize
various sulfones (Scheme 27).101,102 Cross-coupling of arylsul-
fonyl chlorides (ArSO2Cl) with boronic acids was carried out
under surprisingly mild conditions (0-25 �C) using a simple
PdCl2 catalyst. Reaction led to unsymmetrical diaryl sulfones
with 80-98% yields.103

On the basis of the catalytic cross-coupling reaction between
p-MeC6H4SO2Na and p-BrC6H4I, followed by reaction with
piperidine, a target compound containing a β-3 adrenagic
receptor agonist motif was prepared in 81% yield (Chart 3).101

A similar Pd-catalyzed reaction involving vinyl tosylates and

arylsulfinate salts coupling and a Xantphos ligand has also been
reported.104

The Pd-catalyzed C-S cross-coupling reaction shown in
Scheme 28 was carried out starting with aryl bromides and aryl
triflates and potassium thioacetate.105,66b Various sulfur com-
pounds (such as ArSH, ArSR, ArSCl, ArSOCl) are obtainable
from these products in a single step.

This method has been used for the synthesis of the pyrrolidine-
constrained phenethylamine DPP-IV inhibitor (Scheme 29).105

An example of the preparation of another biologically active com-
pound, (()-chuangxinmycin, with intramolecular C-S bond-
formation reaction using the Pd(PPh3)4/Et3N system has been
described.106

It isworthnoting that themethoddescribed above in Scheme28
is a useful alternative for carrying out the reaction between ArSM
and RCOCl. This was previously employed for the formation of
PhCOSePh using PhSeSnBu3 as a starting material. This reaction,
as well as the alkylation reaction leading to ArCOCH2SePh,

107

were carried out under Pd-catalytic conditions, although both
reactions easily occur under noncatalytic conditions as well.88,108

Intramolecular oxidative C-H bond functionalization using
the Pd(PPh3)4/MnO2 catalytic system was followed by C-S
bond formation to produce 2-aminobenzothiazoles in good
yields (66-96%) (Scheme 30).109 An interesting reaction me-
chanism involving molecular oxygen and the formation of H2O2

was proposed.109 Another synthetic pathway leading to ben-
zothiazoles was developed starting from 2-bromoanilides and
reacting with alkyl thiolate and a Pd catalyst.110 The Pd/Cu
catalytic system containing 10 mol % of PdX2 and 50 mol % of
CuI was reported for the preparation of benzothiazoles via C-H
functionalization and intramolecular C-S bond formation,111

whereas one-pot synthesis of benzo[b]thiophenes from thioe-
nols was achieved by using 10 mol % of PdX2 catalyst.

112 An
example of Pd-catalyzed C-H bond activation and functionali-
zation with arylsulfonyl chlorides was described with 10 mol % of
Pd(CH3CN)2Cl2 as a catalyst.

113

A majority of the Pd-catalyzed transformations discussed in
this section were carried out using different phosphine ligands.
N-Neterocyclic carbene (NHC) ligands have also been shown to
be useful for Pd-catalyzed cross-coupling reaction using mixed
[(NHC)Pd(PPh3)Cl2] complexes.114 Good yields were re-
ported for the reaction of aryl iodides and aryl bromides with
aryl thiols (45-99%) in refluxing toluene, whereas alkyl and
benzyl thiols were significantly less reactive.

Scheme 20

Scheme 21

Scheme 22
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Ligand-free Pd-catalyzed C-S cross-coupling of aryl halides
with aryl thiols was developed in water under microwave
heating.115 In the Pd(OAc)2/NaF/TBAB catalytic system, good
product yields were shown after 20 min at 150 �C.

A catalytic decarboxylative cross-coupling reaction was carried
out in the Pd/Cu system under relatively harsh conditions
(Scheme 31).116 Alkyl thiols, aryl thiols, and disulfides were
involved in the reaction with varying product yields (25-90%).
In the case of o-nitrobenzoic acid, the cross-coupling reaction was
accompanied by reduction of the NO2 group. The transforma-
tion of benzyl thiol led to formation of benzothiazoles.116

Synthesis of allyl phenyl selenides was achieved via a Pd-cata-
lyzed decarboxylation of selenocarbonates.117 Interestingly, the
Pd-catalyzed reaction of cyclic thioamides with boronic acids in
the presence of stoichiometric amounts of Cu(I) gave rise to the
desulfitative C-C bond-formation reaction.118

A heterogeneous catalytic system using a Pd/charcoal catalyst
was developed for the cross-coupling of aryl- and alkyl thiols with
aryl halides.119High yields were observed in the case of aryl iodides
(63-96%), and moderate yields were observed with activated aryl
(heteroaryl) bromides and chlorides (53-75%). Catalyst recy-
cling for this system demonstrated very good yields of 93-96%
over five cycles.119 A comparative study of the activity of several
commercially available Pd/charcoal catalysts was reported for
cross-coupling reactions, including C-S cross-coupling.120

2.2. Ni-Catalyzed Transformations
Under carefully optimized conditions, nickel complexes have

shown excellent performance in catalytic cross-coupling

reactions. The possibility of Ni catalysis being used for Csp2-
S bond formation was first demonstrated by Cristau and co-
workers in 1981.51 The reaction leading to Ar2S formation was
carried out with NiBr2 as the catalyst precursor and
o-(Ph2P)2C6H4 as the ligand.

51 A reaction involving PhSeNa
was developed for the preparation of ArSePh derivatives using
the NiBr2/bpy catalytic system.121 The same authors extended
the application of this cross-coupling reaction to vinyl halides
(Scheme 32).122 Phenyl mesylate was utilized as a coupling
partner in the NiCl2(dppf)-catalyzed reaction with PhSNa
(94%). However, the protocol proved of limited scope because
of byproduct formation with substituted mesylates.123 It was
also shown that Ni(II) could replace the more expensive PdL4
complexes as precatalyst.85

Cross-coupling reactions of E-alkenyl halides and thiols were
carried out with retention of double-bond geometry in the Ni/
P(OEt)3 catalytic system.124 However, under the same condi-
tions, the transformation of Z-alkenyl halides resulted in the
formation of alkynes.

Diaryl sulfides were synthesized under mild conditions (rt-
60 �C) through the reaction of XC6H4SH (X =H, p-Me, p-MeO)
and YC6H4X (X = I, Br; Y = H, Me, MeCO, etc.) using the
catalytic system based on NiBr2/Zn/dppf (Scheme 33).125

The NiBr2(bpy) complex was found to be an efficient catalyst
precursor not only for the synthesis of ArSAr0 derivatives but also
for the catalytic formation of ArSeAr0 compounds (via the cross-
coupling reaction of aryl selenols). Polymer-supported borohy-
dride was used as a reducing agent, and polymer-supported aryl
iodide was used as the reagent. The reaction gave high yields as

Scheme 23

Scheme 24

Scheme 25

Scheme 26

Scheme 27
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Scheme 28
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well as good product purity, which led to the construction of a
library of supported species (Scheme 34).126

Using different reducing agents, disulfides and diselenides can
be involved in the cross-coupling reaction. The in situ reduction
of diselenides with polymer-supported borohydride and the
same Ni catalyst gave moderate to high yields in the reaction
with Ar(Het)I (Scheme 35).127

When disulfides R2S2 were used in the reaction, the reduction
step was carried out using Zn and the same Ni catalyst precursor
(Scheme 36).128

Nickel pincer complexes (PCP)NiCl were reported as
acting as efficient catalysts for C-S cross-coupling reactions
(Scheme 37). With R = But the only exception, high product
yields were observed.129 The involvement of Ni(I) and
Ni(III) complexes in the mechanism of the catalytic cycle
was proposed for this particular case.129 A mechanistic study
of the C-S cross-coupling reaction catalyzed by nickel
bis(phosphinite) pincer complexes was carried out by Guan
and co-workers.130 Surprisingly, it was found that the pincer
ligand framework was destroyed to generate an active
form of the catalyst. A simple Ni(COD)2/Ph2P(O)H
catalytic system was found to be more efficient for this
transformation.130

Nickel complexes incorporating NNN nitrogen pincer ligands
showed good efficiency in the both allyl- and aryl thiolation of
iodobenzene (Chart 4).131,132

It was reported recently that ligand-free nickel compounds
such as NiCl2 3 6H2O can also act as efficient catalysts for the re-
action of ArI and RSH in ionic liquid media. The product PhSR
was formed in high yields.133 Using the model reaction between p-
MeC6H4SH and p-NO2C6H4I, it was demonstrated that 5 recy-
clings, without noticeable loss of catalytic activity, was achievable.

Nickel complexes with N-heterocyclic carbene ligands (NHC)
were found to be efficient catalysts for the C-S coupling of aryl
iodides and bromides with aryl thiols.134 The best results, yields of
87-99%, were achieved with Ni/NHC = 1:2 ratio. The reaction
with cyclohexyl thiol was also possible but gave a somewhat lower
product yield (78%). It was demonstrated that for activated aryl
chlorides the rate of the nucleophilic substitution pathway was
competitive or even higher when compared to the metal-mediated
transformation.134,135

Surprisingly, the reaction of aryl thiols with ArMgBr in the
presence of NiCl2(PPh3)2 resulted in desulfitative C-C bond
formation rather than C-S cross-coupling (Scheme 38).136 A
similar transformation was observed using the Pd/Cu catalytic
system discussed above (see section 2.1).118

The preparation of aryl sulfides by reacting aryl bromides with
thiols was carried out using the NiBr2/Zn/PEG400 catalyst.137

The procedure was carried out under basic conditions (NaOH)
in the absence of solvent at 120 �C. Moderate to high product
yields were observed with aryl and alkyl thiols (46-90%).137

When Ni nanoparticles (15-18 nm) were used, an interesting
cross-coupling reaction was found.138 The formation of thio-
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ethers from thiols and alcohols at room temperature under mild
conditions has also been reported (Scheme 39). The reaction
involved various aryl thiols and alkyl thiols with a wide range of
alcohols and gave high yields (except for R0 = alkyl).

2.3. Cu-Catalyzed Transformations
The recent renaissance in Ullmann chemistry has opened up

new opportunities for the successful implementation of novel
cross-coupling approaches to synthesis. These have proven
especially useful for copper compounds in carbon-heteroatom
bond formation under mild conditions. Numerous publications
have appeared dealing with the thiolation and selenation of aryl-
and alkenyl halides using various catalytic Cu complexes. The
high reaction temperatures of 200-300 �C139 were significantly
reduced to 100 �C and less. This leads to several advantages:
simplified synthetic reaction techniques, cheaper solvents, and
greatly reduced side reactions due to the lower temperatures.

However, some of the difficulties encountered in the field of
Cu-catalyzed cross-coupling reactions are due to the absence of a
clear understanding of the mechanism involved. This is essential
for efficient catalyst design and the selection of suitable ligands.
A good understanding of the mechanism is also required for the
classification of all the available data on Cu-catalyzed cross-
coupling reactions.

The possibility of a reaction between unactivated aryl iodides
and aryl thiols was first demonstrated by H. Suzuki and co-workers
using CuI in hexamethylphosphoramide (HMPA).140 Corre-
sponding aryl sulfides were also obtained in good yields (60-
77%) after 1 h at 70-80 �C.

Various Ar(Het)Br compounds were prepared in good to high
yields in a cross-coupling reaction using tin derivatives of the type

Ar0SeSnBu3 and Cu(I) complexes (Scheme 40).141 The copper
catalyst demonstrated a much better performance than the Pd
and Ni systems in terms of higher product yields and the absence
of the disproportionation product Ar2Se (Scheme 40).

Under microwave irradiation, the reaction of trialkyltin aryl-
selenides with aryl bromides was carried out using [(phen)CuI]2
as catalyst. Unsymmetrical diaryl selenides were produced in high to
excellent yields.142 The key intermediate of this catalytic reaction—
dinuclear copper(I) arylselenoate complex—was isolated and char-
acterized usingX-ray analysis (Chart 5). It was found that the catalytic
activity of the isolated dinuclear complex and [(phen)CuI]2 were
identical in the cross-coupling reaction studied.

The catalytic system incorporating the CuPF6(MeCN)4 com-
plex has been successfully applied to the synthesis of o-substi-
tuted aryl iodides and aryl thiols (Scheme 41).143 An intramole-
cular version of the reaction leading to the formation of diaryl
thioethers has also been reported.
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Diaryl sulfides in high yields were obtained from the reaction
of aryl iodides and activated aryl bromides under CuBr-catalyzed
conditions using Schwesinger’s phosphazene base. Most likely,
the base was also coordinated as a ligand (Scheme 42).144 Similar
results, but requiring longer reaction times, were observed when
DBU (1,8-diazabicyclo[5.4.0]udec-7-en) was used.

Venkataraman and co-workers suggested using neocuproin as
a ligand. This significantly extended the scope of the reaction to
include aryl(hetaryl) iodides with both electron-donating and
electron-accepting substituents as well as various alkyl and aryl
thiols such as o,o-Me2C6H3SH (Scheme 43).145

The CuI-neocuproin (1:1) complex was used in the arylation
of 8-mercaptoadenine (Scheme 44). This catalytic system was
utilized for the synthesis of a series of 8-arylsulfanyl adenine deri-
vatives.146 The synthesis of diaryl selenides was also reported
using the 10 mol % CuI/neocuproin catalyst. Starting from aryl
iodides and phenyl selenol, yields were from 60 to 90% (toluene,
110 �C, 24 h).147

A soluble Cu(I) complex was successfully used by Venkatara-
man and co-workers in a C-S cross-coupling if more reactive
vinyl iodides were utilized as a reagent (Scheme 45).148 Stereo-
and regiospecific reactions of vinyl iodides with thiols were
performed using CuI as catalyst with cis-1,2-cyclohexanediol as
the ligand and K3PO4 as base.

149,150 The synthesis was carried
out under mild conditions at 30-50 �C (0.5-4 h) and resulted
in high product yields. Electron-rich vinyl iodides, such as 3,5-
dimethoxyphenyl vinyl iodide, reacted smoothly with this catalytic
system (96%).149 The CuI/phenanthroline catalytic system was
also employed for the preparation of 2-sulfide carbapenems.151 A
single example of a reaction of a vinyl bromide with o-methylben-
zenethiol has also been reported using the CuCl catalyst.152

Kwong and Buchwald suggested using a simpler ligand,
ethylene glycol, to carry out cross-coupling reactions with alkyl
and aryl thiols using a smaller amount of CuI and lower tempera-
tures (Scheme 46).153 This catalytic system was successful in the
cross-coupling reaction of aryl thiols with 6-halogenoimidazo-
[1,2-a]pyridines.154

Even better results were achieved using the tridentate
oxygen ligand—1,1,1-tris(hydroxymethyl)ethane (Scheme 47).

Near-quantitative yields were obtained for the reaction involving
various aryl iodides (including o-MeO-substituted) with aryl
thiols and alkyl thiols.155

Another efficient copper catalytic system was developed to
encompass not only aryl iodides but also aryl bromides.156 Using
the CuI/tris-(2-aminoethyl)amine catalyst in dioxane, good yields
of the corresponding diaryl sulfides were reported (Scheme 48).

A protocol for the copper-catalyzed synthesis of diaryl sulfides
was described using CuCl/trans-1,2-diaminocyclohexane system
in water.157 An aqueous solution of the copper complex was re-
cycled in 3 runs without loss of activity. However, a further fourth
recycling led to degradation of catalytic activity. Surprisingly, the
amount of water played a critical role in catalytic behavior: either
a decrease or an increase in water content resulted in lower
product yields.157 Another diamine ligand—BINAM (1,10-bi-
naphthyl-2,2-diamine)—has also been used for the cross-coupling
of aryl iodides and aromatic/aliphatic thiols (Chart 6).158,159 Using
20 mol % of the Cu(OTf)2 catalyst, 88-97% product yields were
obtained. It is interesting to point out that CuI and CuBr were
both less efficient catalysts with theBINAM ligand.158 TheCuCl2/
BINAM catalytic system was applied to the intramolecular cou-
pling ofN-(2-chlorophenyl)benzothioamides with benzothiazoles
as the products.159 An efficient and functional-group-tolerant cata-
lytic system was reported for the Cu-catalyzed S-arylation of thiols
with aryl halides using both unsubstituted160 and substituted
quinolines as ligands (Chart 6).161 The nitrogen ligand, 9-azaju-
lolidine, has been used for a C-S bond formation reaction with
the CuI catalyst.162 Other nitrogen ligands have also been used.163

Various diamine ligands for use in Cu-catalyzed transformations
have been recently reviewed.164

Scheme 40
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To carry out the reaction with aryl iodides, including o-
HOC6H4I, a Cu catalyst with a new ligand bearing oxime and
phosphine oxide groups had to be developed (Scheme 49).165 The
products were obtained in good to high yields. It was shown that
CuI could be replaced by the readily available and air-stable Cu2O.
It should be noted that when Cu2O is without additives it requires
stoichiometric amounts and high temperatures (160 �C).23,166 In
spite of this limitation, ligand-free Cu2O-catalyzed C-S bond
formation was possible in the dimethylsulfoxide (DMSO)/H2O/
KOH system. Good to high product yields for various aryl iodides
and aryl thiols were achieved.167 The catalytic system was further
developed to establish a more efficient C-S cross-coupling proto-
col using the 2-oxocyclohexanecarboxylate ligand, and the role of
water was also addressed.168

Small p-phenylene sulfide oligomers were prepared from the
corresponding aryl halides using Cu2O-mediated Ar-S coupling
with thiols (Scheme 50)169 or a CuI catalytic system.170 The re-
sulting products were studied because of possible applications in
material science.

Significant progress has been achieved using amino acids as
ligands in the Cu-catalyzed reaction. Not only aryl iodides but
also aryl bromides (but without electron-donating substituents)
were used as starting materials and led to yields of 90-98% and
72-85%, respectively (Scheme 51).171 This catalytic system was
found to be very sensitive to the nature of both the solvent and
the base. A plausible mechanism was reported, and the involve-
ment of a Cu(I)/Cu(III) species was proposed (Scheme 52).
Using L-proline as the ligand, it was possible to carry out the
reaction under milder conditions and a concomitant high func-
tional group tolerance.171-173

The Cu/L-proline catalytic system was found to be very
efficient in the synthesis of vinyl sulfides in the reaction of
3-iodocyclohexanone with Ar(Het)SH (Scheme 53).174 Good
to high product yields were reported for the cross-coupling
reaction carried out in 95% ethanol.

A very efficient CuI-benzotriazol catalytic system was re-
ported by Verma and co-workers. They used a range of aryl
bromides in the cross-coupling reactions (Scheme 54).166 High
yields were achieved in reactions with both alkyl and aryl thiols
using only small amounts of catalyst and ligand (high turnover
number (TON) values). It should be noted that, for the reactions
with alkyl thiols, the temperature could be decreased from 100 to
80 �C. For ArX compounds bearing COOH and CHO groups,

Cs2CO3 was added instead of ButOK. It was suggested that the
mechanism of this catalytic cycle involved the Cu(I)/Cu(III)
species (Scheme 55).

The C-S cross-coupling of aryl(hetaryl) iodides and bro-
mides, activated aryl chlorides, and vinyl iodides with thiols was
carried out with good to high yields using the CuI catalytic sys-
tem. The unusual ligands catechol violet175 and trans-9,10-dihydro-
9,10-ethanoanthracene-11,12-dimethanolwere used176 (Chart 7). In
the case of the activated aryl chlorides, the possibility of noncatalytic
transformationwas not studied under these experimental conditions.

In the particular case of the substrate o-bromobenzoic acid, a
binary Cu/Cu2O catalyst was employed with 2-ethoxyethanol as
both solvent and ligand (Scheme 56).177 It was reported that in
this particular catalytic system the formation of the C-S bond
was observed to be faster than formation of the C-O and C-N
bonds.

Catalytic cross-coupling reactions were shown to be particu-
larly favorable for the preparation of several important com-
pounds. For example, triazene-substituted arylthioglycosides
were readily synthesized in MeCN via the reaction of the
corresponding thiols with aryl iodides using the CuI/Py catalytic
system (Scheme 57).178

Using Buchwald’s catalytic system, highly hindered sulfides
were prepared in moderate to good yields (Scheme 58).179

However, the reaction was not catalytic and required 1 equiv
of CuI. The Cu-mediated synthesis of highly hindered o-sub-
stituted sulfides has also been reported much earlier.180

In the synthesis of VX-745 (the P38R MAPK inhibitor), the
Cu-catalyzed reaction proved better than the Pd-catalyzed
transformation (Scheme 59).181,182 In both catalytic systems,
microwave heating (MW) facilitated the procedure and short-
ened the reaction times.

Applying MW to the reaction of ArI and ArBr with RSH in the
CuI/NMP/Cs2CO3/195 �C catalytic system made it possible to
shorten the reaction time to 2-6 hwhile maintaining good yields
of 64-89%.183 The cross-coupling of aryl iodides with aryl thiols
was also performed using a β-keto ester as a CuBr ligand in the
Cs2CO3/DMSO/60-75 �C system.184

An example of the catalytic cross-coupling reaction of aryl bro-
mides with thiols in ionic liquids has been reported ([BMIM]-
[BF4]/K2CO3/CuI/L-proline/110-120 �C).185 High yields and

Scheme 41
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high E/Z-selectivity were found, although catalyst recycling led
to significant loss in activity. Using activated aryl chlorides, the
reaction in water was shown to proceed in the CuI/ethylenedia-
mine/120 �C system. In most cases, it gave moderate to high
product yields (50-95%).186 Unfortunately, the authors did not
report the yields in the absence of copper or comment on the
possibility of hydrolysis under the experimental conditions
used.185

One topic of special interest is the development of cross-
coupling methodologies to carry out the reaction between ArX
and RSH in water in the absence of organic ligands. CuI, without
additional ligands, was used as a catalyst in the reaction of thiols
with iodochalcogeno alkenes to give products in moderate to good
yields.187 Recently, it was reported that thiophenol reacts with
phenyl halides in water in the presence of Bu4NBr (TBAB) at
80 �C (Scheme 60).188 Product yields for the reaction involving

ArSH and PhCH2SHwere as high as 91-99%, whereas with BuSH
the yield dropped to 15%. A ligand-free reaction was also carried
out in toluene solution in the presence of NaOH and TBAB.189

van Koten and co-workers reported a ligand-free catalytic
system using 1-2.5 mol % of CuI, 2 equiv of NMP, and 1.1 equiv
of K2CO3 (6 h, 100 �C).190 Except for 1-naphthyliodide (46%),
high yields were observed (78-96%) for reactions of benze-
nethiol and aryl iodides. Various aryl thiols reacted smoothly with
iodobenzene (85-95%). Yields were lower in the case of
electron-withdrawing substituents and alkyl thiols (54-60%).190

Ligand-free CuI-catalyzed intramolecular S-vinylation of
thiols with vinyl chlorides (dioxane as a solvent) and bromides
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(acetonitrile) using K3PO4 as a base (Scheme 61) have all been
reported.191 The cyclization took place preferably via the 4-exo
route (Scheme 61).

A ligand-free reaction was reported for the CuS/Fe catalytic
system in reactions of aryl iodides and bromides with diaryl
diselenides (Scheme 62).192 An important role of the iron
additive was not only to reduce the CuS to the active form
Cu2S but also to provide a support to prevent catalyst agglom-
eration (scanning electron microscopy-energy-dispersive X-ray
(SEM-EDX) catalyst characterization was reported). It proved
possible to recycle the catalytic system with a loss of catalytic
activity from 99% in the first run to 87% in the fourth run.

An interesting approach toward C-S bond formation was
developed on a solid support based on a Cu(I)-mediated
coupling reaction.193 Immobilized aryl halides were reacted
with thiols to produce thioethers including sterically hindered

and electronically deactivated aryl moieties. After C-S cross-
coupling,the products were cleaved from the resin support.

A simple protocol was developed for the C-S coupling of
aryl iodides with aryl thiols and alkyl thiols using CuI/PEG and
CuI/PEG/H2O catalytic systems in the absence of additional
ligands.194 The products were easily separated using extraction
techniques, and high isolated yields were obtained (85-98%).
The catalyst was recycled over six runs without significant loss of
activity (95-98% yield over all runs). The proposed reaction
mechanism involved the reduction of the CuI precursor and the
participation of a Cu(0)/Cu(II) species in the catalytic cycle
(Scheme 63).194 Ligand-free C-S cross-coupling has also been
described using KF/Al2O3 as the base.

195

Copper nanoparticles were shown to be an efficient catalyst
for cross-coupling reactions under ligand-free conditions.
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Sustainable procedures were developed to achieve the phenyl
selenation of aryl iodides and vinyl bromides in water using 20
mol % of Cu nanoparticles.196 The possibility for catalyst
recycling was demonstrated, although the activity of the
catalyst did decrease after each cycle. Retention of stereo-
chemistry was observed for E-vinyl bromides, whereas in the
case of the Z-vinyl bromides resulted there was a loss in
stereoselectivity.196

A high catalytic activity of Cu nanoparticles was observed in
the reaction between aryl iodides and thiols underMWheating at
120 �C (Scheme 64).197 The reaction was completed in minutes,
which is much faster compared to CuI-catalyzed transformation
in the absence of the nanoparticles.183 In the case of ArSH, high
product yields of 82-98% were found, whereas in the case of
AlkSH, significantly lower yields were observed due to a side
reaction leading to the formation of Alk2S2. The authors noticed
that using copper powder under the same conditions led to yields
of only 25-40%.197 Copper nanoparticles supported on hex-
agonal microporous silica were shown to catalyze the S-arylation
of activated aryl iodides with high yields (up to 99%) under MW
heating.198 The yields and selectivities observed for aryl iodides

bearing electron-donating groups were lower (69% for bezenethiol
and p-tolyl iodide). This was attributed to homocoupling of the
thiols leading to ArSSAr. Catalyst recyclization has been shown to
lead to a slow decrease in activity froma 99%yield in the first run to
93% in the fourth run (MW, 80-100 �C, 10-20 min).198

Nanosized CuO was also found to be an efficient catalyst for
the reaction of ArI and RSH (for both ArSH and AlkSH) in
DMSO at 80 �C (Scheme 65).199 Yields were almost quantitative
(85-99%). Catalyst recycling was possibile for three successive
cycles, although the yield of the reaction decreased. Introducing
electron-donating groups into the ArI significantly decreased
product yields.
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CuO nanoparticles in the KOH/DMSO system catalyzed the
coupling of diaryl diselenides with aryl halides and gave high
(ArI) to good (ArBr) product yields at 110 �C.200 It was found
that various metal oxide nanoparticles—Fe2O3, Bi2O3, In2O3,
NiO, and ZnO—can all catalyze the reaction of iodobenzene and
diphenyl diselenide in 65-72% yields, whereas CuO has shown
the best performance (94%). Catalyst recycling was demonstrated
in three cycles and led to similar product yields (91-94%).
Although the proposed reaction mechanism was suggested to start
from CuIIO and involve Cu(IV) intermediates (Scheme 66),200 an
alternative mechanism could involve a reduction of CuII to CuI and
subsequent participation within the CuI/CuIII catalytic cycle.201

This CuO/DMSO/KOH system was also used in an efficient
preparation of vinyl sulfides.202 It is interesting to note that the
above-mentioned metal oxide nanoparticles have also shown
substantial catalytic activity.202 Same groups reported the nano-
In2O3 catalyzed

203 C-S cross-coupling of thiols and aryl halides,
as well as application of Ln2O3 to the preparation of both diaryl

chalcogenides204 and vinyl chalcogenides.205 Other examples of
C-S bond formation using the Cu-cat/KOH system have been
also reported.206-208

Using 1-5mol % catalyst loadings, CuO onmesoporous silica
was applied to C-S bond formation between aryl iodides and
various aromatic and aliphatic thiols (66-97% yields).209 An
attempt of catalyst reuse showed small but noticeable loss of
catalytic activity from 85% in the first run to 78% in the fourth
run.209 A heterogeneous copper catalyst supported on Al2O3 was
utilized for the selective coupling of iodobenzene with thiols in
the presence of K2CO3 as well as the coupling of bromobenzene
with thiols in the presence of Cs2CO3 (dimethylformamide
(DMF), 110 �C).210 The reaction for aromatic, hetereoaromatic,
and aliphatic thiols resulted in 70-98% product yields. The
important role of the support was demonstrated in this reaction.
The yield of Ph2S increased from 35%with no support to 97% for
supported catalyst.210

CuOnanoparticles in ionic liquids have been used to develop a
synthesis of selenoesters from acyl chlorides and diselenides
(Scheme 67).211,212 The [BMIM][PF6] ionic liquid proved most
efficient affording yields of 61-91%.212 The potential of recy-
cling was demonstrated with catalyst activity decreasing from
89% to 74% for the first and fourth runs, respectively.212

As has already been discussed in the section on Pd-catalyzed
transformations, disulfides and diselenides can also be used as a
source of ArZ groups in Cu-catalyzed reactions. This is particu-
larly important in the latter case, since ArSeH selenols are
unstable and hence less available than the corresponding Ar2Se2
diselenides. The reduction of Ar2Z2 to give ArZ groups was
carried out by the addition ofMg or Znmetals. An example of the
[Cu]/bpy/Mg catalytic system developed by Taniguchi and
Onami is shown in Scheme 68.213,214

Similarly, the CuI/imidazole catalytic system furnished the
formation ofC-Se andC-Te bonds in a reaction involving alkynyl
bromides and dichalcogenides (Scheme 69).215 The reaction re-
quired Mg turnings and gave moderate to high yields (51-89%).

Under MW heating (160-200 �C) and using the CuI/
bipyridil/Mg catalytic system, a wide range of dichalcogenides,
including tellurium derivatives, and ArBr with electron-donating
groups (p-HOC6H4Br, p-Me2NC6H4Br), were successfully re-
acted to form cross-coupled products in good to high yields.216

Alkenyl derivatives of selenium were synthesized in ionic liquids
(65-91%) using Zn as the reducing agent (Scheme 70).217 The
route to Z-vinyl chalcogenides has also been described.218

The use of thiourea as a thiol surrogate was reported in the
CuI-catalyzed synthesis of thioethers from aryl halides and alkyl
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bromides (Scheme 71).219 The reaction was carried out in wet
PEG-200 at 80-100 �C under an inert atmosphere. This thio-
etherification synthesis protocol could benefit from a variety of
readily available alkylbromides.219 Thiourea in wet PEG-200 was
also used as a sulfur donor in addition reactions involving various
organyl halides and electron-deficient alkenes.220 Both intra- and
intermolecular reactions with substituted thiourea derivatives
have been reported in the C-S cross-coupling synthesis of
2-(arylthio)arylcyanamides221a as well as CuO-mediated reac-
tion involving selenourea.221b

DMSO was used as the source of the MeS group to carry
out a Cu-mediated methyl thiolation of the C-H bond in
arylpyridines.222 The reaction was carried out in the presence
of CuF2/K2S2O8 and afforded monomethylated products

in 54-72% yield (125 �C, 72 h). However, the reaction
required an excess of the copper salt (1.6 mmol of CuF2 to
0.4 mmol of the substrate).222 Improving the reaction to
catalytic conditions and enlarging the scope of the sub-
strates would be of great interest, because DMSO is a widely
available reagent.
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Taniguchi has developed a CuI/bpy catalytic system for the
reactionof aryl iodideswith sulfur or seleniumpowder in the presence
of aluminum for the preparation of diaryl chalcogenides.223 The
procedurewas further developed to formarylalkyl disulfidederivatives
using NaBH4 as the reducing agent (Scheme 72).

224 This procedure
also proved to be suitable for the preparation of aryl thiols224 and
diaryl dichalcogenides.223 Sodium sulfide and 3-mercaptopropionic
acid were used as the sulfur source in the Cu-catalyzed synthesis of
symmetrical diaryl sulfides from aryl iodides.225,223

Cu complexes were found to be suitable catalysts for C-S
bond formation starting from ArX and sulfonic acid salts. Reaction
led to the formation of ArSO2R sulfones (Scheme 73).226 The
reaction was limited to aryl iodides, however, since aryl bromides
did not react.226 C-S bond formation in aryl halides with
3-methoxy-3-oxopropane-1-sulfinate was carried out in the pre-
sence of 3 equiv of CuI.227

It is interesting to note that, if the CuI catalyst was used in
combination with a sodium salt of L-proline, both ArI and ArBr,
either with electron-donating or electron-accepting substituents,
gave sulfones even at lower temperatures (Scheme 74).228 Both
types of sulfones were formed in good to high yields.

The reaction of RSO2Na with ArX or vinyl bromide was carried
out in a mixture of solvents consisting of DMSO and anion-
functionalized ionic liquids with a CuI catalyst (Scheme 75).229,230

High yields were observed for aryl iodides (71-91%). Acceptable to
high yields were observed for aryl bromides (48-92%).

Cu complexes with the 1,10-phenatroline (phen) ligand
catalyzed the arylation of thiobenzoic acid in high yields
(Scheme 76).231 In contrast to ArI, which readily reacted with
the thiobenzoic acid, only traces of products were observed for
the reaction with PhBr.

A catalytic system based on CuI and the N,N-dimethylglycine
ligand was found to catalyze the C-S cross-coupling of aryl iodides
and vinyl bromides with sodium dithiocarbamates (Scheme 77).232

As in the previous case, PhBr did not react in this catalytic system.
The oxidative cross-coupling of aryl boronic acids with alkyl

thiols (including cysteine), in the Cu(OAc)2/Py-DMF system
under heating, gave good yields.233 This protocol was also

utilized for the synthesis of N-benzyloxycarbonyl-(S-phenyl)-L-
cysteine, which is the key intermediate for the preparation of the
HIV protease inhibitor Nelfinavir.233 The procedure for the
synthesis of N-acetyl-S-arylcysteins using S-arylation and of N,
N0-diacetylcysteine has been reported.234 Both thiols and dis-
ulfides were used as reagents with a copper catalyst. However, the
use of disulfides with a CuOAc catalyst demonstrated a better
performance. The proposed reaction mechanism involves a
bimetallic copper intermediate species.234 Historically, the first
example of a Cu-catalyzed C-S bond formation involving
cysteine derivatives (30% yield) was reported by White and co-
workers already in 1985.235

In the case of Cu-catalyzed reactions, organic boronic deriva-
tives were often used as the cross-coupling partner, together with
either disulfide, diselenide, or ditelluride as the ArZ-group donor.
An example, theCu-catalyzed reaction without ligands, is shown in
Scheme 78.236 Under similar conditions, the reaction with the
CuI/bpy catalytic system was also carried out (Scheme 79).237,238

However, for R = Bu, the yield wasmuch lower, and for Z =Te, the
reaction only occurred with PhB(OH)2.

237 The selective coupling
of substituted pyrazolyl disulfides and arylboronic acids in the
CuI/phenanthroline/O2 catalytic system was developed for the
synthesis of pyrazolyl derivates, including fipronil analogues, all
with the NH2 group.

239
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CuO nanoparticles were also reported as an effective catalyst
for the coupling of aryl and alkyl diselenides with boronic acids
with high yields of 75-98%.240 Catalyst recycling was possible,
although the yield decreased from 97% in the first run to 83% in
the fourth run. The scope of the procedure was also extended to
Ph2Te2 and resulted in 94% yield.240

Selenium and tellurium alkenyl derivatives were synthesized
using the reaction of diphenyl dichalcogenides and potassium
vinyltrifluoroborates. Good yields were obtained in the case
of Ar2Z2, but only 45-53% yields were obtained for Alk2Se2
(Scheme 80).241 This catalytic reaction did not require the addi-
tion of base.

It was possible to carry out the oxidative coupling of aryl boro-
nic acid with the sodium salt of sulfonic acid in an ionic liquid
(Scheme 81).242

N-Thio(alkyl, aryl, heteroaryl) imides were used as the RS
group donor in the Cu-catalyzed reaction with boronic acids
(Scheme 82).243 Moderate to good yields were observed for
reaction under relatively mild conditions. The proposed reaction
mechanism involved the oxidative addition of the S-N bond to
form the Cu(III) species followed by transmetalation from boron
to copper and subsequent C-S reductive elimination. It is
interesting to note that, although CuISR was found to be inactive
during this trasformation,243 it was in fact involved in C-S bond
formation under other conditions.238

Aryl silanes have been shown to successfully replace boronic
acids as cross-coupling partners in C-S bond formation.244

Originally, the cross-coupling of Si derivatives with ArX was
demonstrated by Hatanaka and Hiyama for C-C bond forma-
tion, and this approach was then extended to other reactions.245

In the reaction between aryltrimethoxysilanes and diaryl dis-
ulfides, moderate to good yields were observed (36-87%) using
the CuI/2-(di-tert-butylphosphino)biphenyl catalytic system in
air (Scheme 83).244

A copper-catalyzed cascade reaction was developed to prepare
1,3-benzothiazoles from 2-haloaryl isothiocyanates and aryl
thiols (Scheme 84).246 The best yields were achieved using the
CuI/phenanthroline catalytic system. Earlier, a similar cycliza-
tion procedure had been used for the reaction of aryl isothiocya-
nates and o-iodophenols, leading to 2-imino-1,3-benzothiazoles
under Cu(I) catalytic conditions.247

An efficient procedure for accessing substituted benzothia-
zoles based on a cross-coupling/condensation of 2-haloanilides

and metal sulfides (Na2S or K2S) was reported.
248 The use of

easily available metal sulfides as coupling partners is of much
interest as a means to develop cost-efficient S-arylation proce-
dures.248 Intramolecular Cu-catalyzed thiolation annulations,
using Na2S or NaHS as the sulfur source, were reported for
the preparation of benzothiazoles and benzothiophenes bearing
trifluoromethyl substitutents.249 Another synthetic approach to
making arylthiobenzothiazoles using a one-pot procedure of
sequential intra- and intermolecular C-S bond formation with
CuI/1,2-diaminocyclohexane catalyst has also been reported.250

It should be pointed out that the direct C-H functionalization in
the Pd system discussed earlier (Scheme 30)109 eliminates the
need for ortho-halo-substituted precursors for the synthesis of
benzothiazoles.

An elegant transformation for the synthesis of substituted
thiophenes via a Cu-catalyzed double S-alkenylation of K2S
(Scheme 85) was reported by Xi and co-workers.251 This meth-
odology was successfully applied to access di-, tri-, and tetrasub-
stituted thiophenes in high yields and good substitution group
tolerance. A series of 1,4-diiodo-1,3-dienes, whichwere the starting
compounds, have been shown to be very useful reagents in organic
synthesis.252 An efficient procedure for C-S bond formation in
aqueous solution was developed using KSCN as a sulfur source.253

Cross-coupling involving diaryl dichalcogenide and H-phos-
phonate was performed under copper catalysis and led to
chalcogen-phosphorus bond formation under mild conditions
(Scheme 86).254

Scheme 84

Scheme 85 Scheme 86

Scheme 87

Scheme 88
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The important role of copper catalysis not only in the area
of cross-coupling chemistry but also in the rapidly growing
C-H activation/heterofunctionalization field should be empha-
sized. Fukuzawa and co-workers first demonstrated the direct
thiolation of benzoxazole using aryl thiols and diaryl disulfides
(Scheme 87).255 They proposed a catalytic cycle involving Ar-H
activation and the formation of an intermediate Ar-Cu-SAr0
species. The reaction was carried out in DMF at 80 �C under
oxygen.255

The Cu-catalyzed thiolation of the C-H bond of di- and
trimethoxybenzenes using dichalcogenides in the presence of
oxygen has been achieved.256 The ligand-free reaction was
carried out with 20 mol % of CuI and gave yields of 40-
98% (DMF, 120 �C, 24-48 h).256 Thiolation of C-H bond
using PhSH and Me2S2 sulfur group precursors was also
reported.257

Vinyl sulfides were prepared by reacting arylpropiolic acids
with thiols under copper-catalytic conditions (Scheme 88).258

The authors classified the transformation as a “decarboxylative
C-S cross-coupling”. To our knowledge, an alternative reaction
mechanism should also be considered involving decarboxylation
leading to aryl acetylene Ar-CtCH followed by addition of the
S-H bond to the triple bond of the alkyne (without an actual
cross-coupling pathway). The S-Hbond addition to alkynes will
be discussed in section 3 of this review. Another decarboxylative

reaction has been already considered earlier for the Pd/Cu
catalytic system (Scheme 31).116

2.4. Other Transition Metals As Catalysts
Catalytic reactions aimed at the formation of Csp2-S and

Csp2-Se bonds are known to take place with rhodium, ruthe-
nium, and cobalt complexes. One particularly promising research
area that has attracted much attention in recent years is the
development of applications for iron-based catalysts.

A rhodium hydride complex in the presence of 1,2-bis-
(diphenylphosphino)benzene (dppbz) and an excess of triphe-
nylphosphine was found to catalyze the reaction between aryl
fluorides containing electron-withdrawing groups and disulfides
(Scheme 89).259 Unsubstituted fluorobenzene was found to be
inert under these conditions. However, in the presence of electron-
withdrawing groups, the reactivity of aryl fluoride was higher than
that of either bromide or chloride (Scheme 89). Clearly, the
mechanistic nature of this interesting catalytic reaction merits
further investigation. Polyaryl thiolation was observed with
polyfluorobenzenes, leading to the preferential formation of p-
difluorides.259 Recently, a combined experimental and theoreti-
cal study was published concerning aromatic C-F bond activa-
tion by platinum sulfur complexes within the SNAr mechanistic
framework.260

A Wilkinson complex was reported as being able to catalyze
both alkylation and arylation reactions of thiols and selenols
formed after the reduction of R2Z2 by hydrogen (Scheme 90).

261

Similarly, the reaction with various alkylation reagents took
place with RuCl3 as catalyst and diselenide reduction with Zn
(Scheme 91).262

Cross-coupling reactions leading to the formation of Csp2-S
bonds was made possible using a cobalt catalyst. The best re-
sults were achieved using the CoI2(dppe)/Zn catalytic system
(Scheme 92).263 This new cross-coupling reaction is of great
interest because it complements the other known transition-
metal-catalyzed reactions with Pd, Ni, and Cu catalysts very well.

The reaction was successfully carried out with various aryl-
(hetaryl) iodides and bromides and involved different aryl thiols
and alkyl thiols. A plausible catalytic cycle includes the reduction
of the Co(II) complex to Co(I) and substitution of the iodide

Scheme 89

Scheme 90

Scheme 91

Scheme 92

Scheme 93

Scheme 94
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ligand by SR, which in turn leads to the formation of ArSCo(I).
Subsequent oxidative addition of ArX to this cobalt complex with
concomitant formation of a Co(III) derivative, followed by
reductive elimination (Scheme 93), results in formation of the
product and regeneration of the Co(I) catalyst.

Recently, Bolm and co-workers showed that such a cross-
coupling reaction is possible with an iron catalyst. Starting from
the corresponding thiols, it leads to the formation of Ar-
(Het)SAr0 (Scheme 94).264 The reaction proved successful only
with the Ar(Het)SH thiols because the alkyl thiols AlkSH did not
react. Undoubtedly, there is the potential to further develop
cheap and efficient iron catalysts to carry out various C-Z bond-
formation reactions.

In a subsequent study, this reaction was further extended to
include ArI and Ar(Het)SH with high selectivity and good yields
in the FeCl3 3H2O/cationic 2,20-bipyridyl (L) system in water
(with an exception of PhCH2SH).

265 The catalyst with the catio-
nic ligand L preserved its activity over several cycles in aqueous
solutions (Chart 8).265 A series of bidentate phosphine ligands
were studied for the Fe-catalyzed thioetherification of thiols with
aryl iodides.266 An efficient catalytic system using BINAP and
Xantphos ligands (10 mol % FeCl3 and 10 mol % of ligand) was
developed for the coupling reaction involving alkyl thiols (64-
99% yield; 135 �C, 24 h).266

A ligand-free iron-catalyzed cross-coupling reaction of aryl
iodides with aromatic and aliphatic thiols was reported by Rao
and co-workers. It involved an Fe/graphite system.267 The reac-
tion was carried out in DMSO/KOH under an inert atmosphere
(125 �C, 24 h) and gave yields of 67-98%. The loss in catalytic
activity caused the yield to decrease from 97% in the first cycle to
67% in the seventh cycle.267

The direct sulfenylation of indoles and its derivatives was
carried out by Yadav and co-workers using aromatic thiols in
the presence of FeCl3 as a Lewis acid.

268 High selectivity, as
well as good yields, in the synthesis of 3-arylthioindoles was
observed (Scheme 95).268 Site-specific sulfenylation of in-
doles with disulfides was performed under Fe(III)-catalyzed
reaction.269

The cross-coupling of arylboronoc acids with ditellurides and
diselenides was mediated with the use of 10mol % of iron catalyst
in the absence of a ligand.270 Various Fe(II) and Fe(III) salts, as
well as Fe powder, were used in a series of reactions in DMSO at
130 �C. Although a rather questionable mechanismwas proposed,
the synthetic application of the reaction is of interest because it
gave high yields of 62-98%. The same authors also reported C-
Se bond formation via the reaction of diselenides and acyl chlor-
ides or benzoic anhydride (Scheme 96).271 The reaction required
1 equiv of Mg dust for the product to form (no product was ob-
served without magnesium).

Although much interest has been shown recently in the
possible application of various iron catalysts, some caution is
advised in trying to understand the nature of the active species
involved in the catalytic cycle. A recent study by Buchwald and
Bolm raised the question of the role of trace amounts of other
metals, particularly Cu.272

In addition to the indium oxides nanoparticles discussed
above200,202,203 where their ability to promote C-Z cross-
coupling was demonstrated, it has been shown that indium
metal,273,274 InI,275 and the Lewis acid In(OTf)3/TMEDA also
exhibit the desired catalytic activity.276 The reaction with indium
triflate was performed for aryl and alkyl thiols with aryl halides in
KOH/DMSO at 135 �C (51-96% yields).276 It would be
interesting to establish the mechanism of catalysis in the indium
system and, hence, to understand to what extent the nature of the

Scheme 95
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catalytic species depends on the metal precursor. The Lewis acid
InBr3-catalyzed arylation of diselenides and ditellurides with
boronic acid was achieved without the need for any additives.277

High product yields of 71-99% were observed with 5 mol % of
the indium bromide in DMSO at 130 �C. A possible reaction
mechanism involving ArSeInIII(Br)Ar intermediate has been
proposed.277

A gold-catalyzed C-S bond formation involving thiols that
was reported used 10 mol % of the PPh3AuCl/AgOTf system
and unusual alkylating agents—o-alkynylbenzoic acid alkyl
esters.278 The reaction was carried out in 1,2-dichloroethane
(80 �C, 15 h), and the corresponding thioethers were obtained in
moderate to high yields (42-99%).

The La2O3/TMEDA-catalyzed cross-coupling of vinyl iodides
and vinyl bromides with thiols and diphenyl diselenide was
developed (anhydrous DMSO, KOH, 90 �C).279 The lantha-
num-catalyzed transformation was carried out with retention of
the double-bond stereochemistry, high yields for vinyl iodides

(81-96%), and moderate yields for vinyl bromides (41-55%).
The possibility of catalyst recycling was demonstrated with the
product yield decreasing from 95% in the first cycle to 84% in the
fourth cycle.279

3. CATALYTIC ADDITION OF RZ-H DERIVATIVES TO
ALKYNES AND ALLENES (Z = S, SE)

Vinyl chalcogenides can be prepared not only by substitution
reactions as discussed in the previous section but also by addition
reactions to the triple bond of alkynes. Aryl chalcogenides, on the
other hand, can only be prepared by substitution reactions.
Because of high atom efficiency and the absence of byproduct,
addition reactions show great potential in terms of Green
Chemistry requirements.

It is important to understand the mechanistic differences
between these two approaches for C-Z bond formation. Chemi-
cal selectivity is the main concern in the design of cross-coupling

Scheme 102

Scheme 103

Figure 1. SEM images of catalyst particles prepared from Ni(acac)2 (A,
4 000�; B, 10 000�) and NiCl2/Et3N system (C, 2 000�; D, 9 000�).
Reproduced with permission from ref 300. Copyright 2007 American
Chemical Society.



1617 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

reactions to improve the ratio of hetero-/homocoupling pro-
ducts and to avoid reduction of the C-halogen bond. However,
an examination of the addition reactions raises other important
problems—stereoselectivity in the case of addition of dichalco-
genides and regioselectivity in the case of the addition of thiols
and selenols.

In the present section, we shall describe the available literature
on the addition reaction of thiols and selenols RZH (Z = S, Se) to
multiple carbon-carbon bonds leading to carbon-heteroatom
bond formation in the vinyl-chalcogenide products. Pd- and Ni-

catalyzed transformations will be considered first, followed by
Rh, Ir, Pt, and other metal-catalyzed addition reactions involving
alkynes. Finally, the reactions involving allenes will be summar-
ized at the end of the section.

Noncatalytic addition reactions carried out without transi-
tion metal catalysts are beyond the scope of this review, and
this topic has already been addressed in several publications
(see refs 28, 280-283, 352, and references therein). It was
shown that the noncatalytic reactions lead to different out-
comes: in the addition of RZH to alkynes, the anti-Markovnikov

Chart 12

Figure 2. Low magnification (A, 1 000�) and high magnification (B, 8 000�; C, 16 000�) SEM images of [Pd(SCy)2]n. Reproduced with permission
from 302. Copyright 2007 American Chemical Society.
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products are formed. Our goal is to concentrate on the selec-
tive formation of the relatively unavailable Markovnikov-
type isomers by RZH addition to the triple bond of
alkynes.

Starting with terminal alkynes, Markovnikov-type products
can be formed following alkyne insertion into the M-Z bond
and C-H reductive elimination (Scheme 2). However, the
general mechanistic framework of the catalytic cycle appears to
be more complicated because insertion into both the M-Z and
M-H bonds can take place and subsequently lead to different
products (Scheme 97). Both of these transformations are stereo-
selective and proceed via a syn-addition. However, the regios-
electivity of the reaction may change and depends on the metal

complex, the type of the alkyne (terminal or internal), and the
nature of substituents R1 and R2.29-31 Recent theoretical studies
at various levels (B3LYP, B3PW91, BLYP, MP2, and ONIOM)
have shown that, in the H-M-Z hydride complexes, insertion
into the M-H bond is much more facile compared to the
insertion into M-Z bond.284

Ishii and co-workers carried out an excellent mechanistic study
of alkyne hydroselenation and were able to isolate a (hydrido)
(selenolato) platinum complex, which resulted after oxidative
addition of Se-Hbond to the metal.285 It was demonstrated that
the isolated complex can serve as a catalyst for the hydroselena-
tion of dimethyl acetylenedicarboxylate. Dissociation of the
phosphine ligand prior to alkyne coordination was found to be
a key step in the catalytic reaction.285 Intermediate σ-vinyl com-
plexes formed after alkyne insertion into the M-Z bond were
isolated and structurally characterized.286,287

The first catalytic addition of thiols to an acetylenic triple bond
was described by Newton and co-workers in 1976 using molyb-
denum complexes.288 Their study involved only highly activated
dimethyl acetylenedicarboxylate, which can also readily react
with thiols under both radical and nucleophilic conditions. For
synthetic purposes, the Mo catalyst was not efficient enough and
produced a mixture of isomers.288

In 1992, Ogawa, Sonoda, and co-workers carried out the
selective catalytic addition of aromatic thiols289 and selenols290 to
alkynes using Pd(OAc)2. Although the Markovnikov isomer was
the major product, the yields were not very high.31 The catalytic
reaction was accompanied by noncatalytic addition, leading to

Table 1. Pd-Nanoparticle-Catalyzed Regioselective RSH
Addition to Alkynes under Microwave Heating (Both NMR
Estimated and Isolated Yields Are Given)

Scheme 104

Scheme 105

Scheme 106

Scheme 107

Scheme 108

Scheme 109
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the anti-Markovnikov isomers (free-radical or nucleophilic re-
actions) as well as double-bond isomerization in the case of the
thiols (THF, 67 �C) and selenols (benzene, 80 �C).289,290 The
isomerization reaction was especially pronounced with the Pd-
(PhCN)2Cl2 catalyst.

291 It is interesting to note that the inter-
mediate metal complex taking part in the catalytic reaction was
denoted as Pd(SPh)2Ln.

291 Regioselective hydroselenation of
terminal alkynes with benzeneselenol followed by double-bond
isomerization was efficiently catalyzed by Pd(PPh3)2Cl2.

292

The mechanism of the catalytic hydrothiolation and hydro-
selenation reactions differs from the bisthiolation and bisselena-
tion reactions at the product formation stage. For the Z-H bond
addition to alkynes, the last stage of the catalytic cycle is protono-
lysis or C-H reductive elimination. It was found that, indepen-
dently of the catalyst precursor (either Pd0 or PdII derivatives),
the same catalytically active species [Pd(ZR)2]n were formed
(Scheme 98).293,294

It is interesting to compare the catalytic activity of Pd-
chalcogenide species in Z-Z and Z-H addition reactions.29

The [Pd(ZR)2]n complexes proved totally inactive in the disulfide
and diselenide addition to alkynes. A C-Z reductive elimination
constituted the final product-forming step (see discussion in section
5). However, using a [Pd(ZR)2]n catalyst, in the presence of
phosphine ligands, significant amounts of bisthiolation and bisselena-
tion products, with aZ-geometry, were detected. This was in addition

to the expectedMarkovnikov product (Scheme 99).293-295 It can be
concluded, therefore, that in the presence of PR3 ligands Pd catalyst
used for the addition of Z-H bonds to alkynes also demonstrated
some activity as well as high selectivity in Z-Z bond-addition
reactions. The mechanistic changes occurring under these reaction
conditions were initiated by catalyst leaching.296

Using pyridine as a solvent for Pd(OAc)2-catalyzed phenyl
selenol additions to alkynes resulted in better regioselectivities
and yields (although in some cases the yields were not very high).297

Most likely, in this catalytic system, pyridine facilitated the formation
of soluble Pd complexes, but without promoting C-S reductive
elimination.

The hydrothiolation of conjugated enynes with PhSH was
carried out using a Pd(OAc)2 catalyst in THF at 50 �C and led to
the formation of a 1,3-diene in 41-75% yield after 14-18 h
(Scheme 100).

Han and co-workers showed that the reaction between PhSH
and 1-octyne can be catalyzed by a Ni(PPh2Me)4 complex with
high selectivity in the presence of catalytic amounts of Ph2P-
(O)OH acid (Scheme 101). However, the role of the Ph2P-
(O)OH additive in this reaction remains unclear.

An even simpler NiCl2/Et3N catalytic system resulted in high
selectivity and good yields in hydrothiolation reactions in the
presence of a radical trap, which suppressed the side reaction.295

For activated alkynes with R = Ph and COOMe, significant
amounts of anti-Markovnikov products were obtained. The overall
regioselectivity of the reaction depended on the alkyne/RZH ratio,
and much better yields were achieved utilizing Ni(acac)2 as a
catalyst precursor.298

Further research into the higher activity of the Ni complexes
compared to their Pd analogues led to the discovery of a novel
nanosized catalytic system. It showed a superior performance
in the hydrothiolation and hydroselenation reactions of alky-
nes.299,300 Furthermore, it was found that with Ni(acac)2 as a
simple catalyst precursor the reaction produced excellent yields
and selectivity even at room temperature. Both terminal and
internal alkynes were successfully used in these additions. This
catalytic system proved tolerant to various functional groups in
the alkynes and was easily scaled up for the synthesis of up to 50 g
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Scheme 113
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of product (Scheme 102).299,300 The proposedmechanism of the
catalytic reaction involved (a) catalyst self-organization with
nanosized particles formation, (b) alkyne insertion into the
Ni-Z bond, and (c) protonolysis with RZH (Scheme 103).

According to elemental analysis, the same nickel complex
[Ni(ZPh)2]n was formed irrespective of the precursor under
different reaction conditions. However, catalytic activity and
selectivity of the catalyst were found to differ dramatically. A
SEM study of the catalyst morphology (Figure 1) revealed round
shaped particles of 300 ( 90 nm size in the case of Ni(acac)2
catalyst precursor, which had in fact shown the best perfor-
mance.299 Another type of catalyst was formed in the NiCl2/
Et3N system, where the [Et3NH][Cl] salt served as a support for
the [Ni(ZPh)2]n particles (the salt was formed upon reaction of
PhZH with the NiCl2 in the presence of the amine).300 Com-
parative kinetic measurements revealed a linear dependence

between the catalytic activity and the particle size in the μm
range of sizes. An exponential increase in catalytic activity was
observed with decreasing particle sizes into the nm region.299,300

The nanostructured Ni catalyst showed high activity and ex-
cellent syn-selectivity for a broad range of terminal and internal
alkynes (Chart 12).

The heterogeneous hydrothiolation reaction carried out with
[Ni(ZAr)2]n catalyst particles was compared with the homo-
geneous reaction based on the CpNi(NHC)SAr catalyst (NHC,
N-heterocyclic carbene ligand).301 Since only one SAr group was
present in this catalyst, the formation of bisthiolation product
could be avoided. These homogeneous catalysts, especially in the
case with NHC = N,N0-bis(2,4,6-trimethylphenyl)-imidazol-2-yli-
dene (IMes), showed good performance in the hydrothiolation
reactionwith yields of 61-87%.However, compared to the hetero-
geneous reaction, a higher temperature of 80 �C was required and
only terminal alkynes were suitable for the reaction.301

The challenging problem of achieving regioselective alkyl
thiol addition to alkynes was solved by developing a nanosized
[Pd(SAlk)2]n catalyst. This in turn was formed in situ in a self-
organized manner from the Pd(OAc)2 precursor in the thiol/
alkyne mixture (Figure 2).302 Catalyst particles size and mor-
phology proved to be of crucial importance for achieving high
activity and selectivity in these addition reactions (Table 1). It is
interesting to note that [M(ZAr)2]n catalysts with M = Ni were
superior for the addition of aryl chalcogenides, whereas with
M = Pd they were superior for the alkyl derivatives.

Scheme 114
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Scheme 116

Scheme 117
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The hydrothiolation of 1-alkynylphosphines was catalyzed by
Pd(OAc)2 in EtOH and gave the Z-1-phosphino-2-thio-1-alkene
as the product (Scheme 104).303 Surprisingly, the addition reac-
tion took place in an anti-fashion. This probably means that an
external nucleophilic attack on the coordinated triple bond is a key
step rather than alkyne insertion as observed in the other examples.

The reaction of 2-(alkylnyl) aryl isocyanates with thiols was carried
out under Pd-catalyzed conditions and resulted in C-S bond for-
mation accompanied by cyclization (Scheme 105).304 High product
yields and very good selectivities were observed in the reactions.
Although the reaction formally belongs to this section, further
studies are required to reveal whether the catalytic cycle
contains a hydrothiolation step or proceeds via an alternative
pathway.304

Using disulfides as the source of the R0S group, a Pd-catalyzed
addition/cyclization reaction was shown to be successful for
2-(alkylnyl)benzenamines (Scheme 106).305 The reaction was
carried out in DMSO at 80 �C in air. The yields of the 3-sulfen-
ylindoles were between 26 and 95%. The catalytic system re-
quired significant Pd loadings (10 mol %). As in the previous
example, the mechanism of this catalytic transformation warrants
further investigation.

Concerning the regioselectivity of the thioformylation reac-
tion in the presence of CO (Scheme 107), somewhat contra-
dictive data was published in 1995306 and later in 2003.307 Using
the RhH(CO)(PPh3)3 catalyst, the Markovnikov derivatives
were obtained after alkyne and CO insertion steps. However,
the major product formed with the Wilkinson complex in the
hydroformylation reaction (Scheme 108) was the anti-Markov-
nikov isomer.291 The same regiochemistry was found in the reac-
tion of AlkSH.308

If a Pt(PPh3)4 catalyst was utilized, the R,β-unsaturated thio-
ether was formed as the major product (Scheme 109).309 The
formation of trans-[PtH(SPh)(PPh3)2] in the catalytic cycle was
proposed.310

Love and co-workers reported that a pyrazolyl-borate com-
plex of rhodium (Tp*Rh(PPh3)2, Tp* = hydrotris(3,5-dime-
thylpyrazolyl)borate) is active in hydrothiolation not only with
ArSHbut alsowith AlkSH.Good to high yields of theMarkovnikov
isomer were obtained at room temperature (Scheme 110).311,312

However, the reaction of 1-octyne gave a mixture of isomers with a
yield of 70%. In addition to the double-bond isomerization, a
Markovnikov/anti-Markovnikov ratio of 12:1 was found for the
1-octyne reaction. Further development and improvement of this
Rh system has recently been described.313,314

The catalytic activity of Ir complexes in the hydrothiolation of
alkynes has been demonstrated byMesserle and co-workers.315,316

Formation of the anti-Markovnikov products as a mixture of E/Z
isomers was observed. The reaction of benzene thiol with phenyl
acetylene gave a yield of 93% but poor 26/74 selectivity under mild
room-temperature conditions.315Achieving a high selectivity in such a
case is a rather difficult task due to the noncatalytic addition reaction,
which leads to the same products (a mixture of E/Z isomers).

Marks and co-workers recently reported an actinide- and
lanthanide-mediated selective hydrothiolation of terminal alkynes
with aliphatic, aromatic, and benzylic thiols.317,318 The topic was
recently reviewed in the framework of organo-f-element catalysts
for hydroalkoxylation and hydrothiolation.22 An efficient proce-
dure for Markovnikov-selective hydrothiolation of terminal al-
kynes has also been reported. It used organozirconium complexes
as the catalysts (Scheme 111).319 High selectivity and good yields
of the products were observed for a broad range of thiols. A de-
tailed kinetic study of the reaction mechanism provided evidence
for the possible involvement of a zirconium-thiolate dimeric
species and protonolysis step.

The Cu-catalyzed addition reaction of dichalcogenides to
internal alkynes was developed for the preparation of β-sub-
stituted alkenyl chalcogenides (Scheme 112).320 The reaction
was anti-stereoselective and allowed the introduction of either a
halogen or a SCN group into the trans-position of the SR3 and
SeR3 substituents.

Some other recent protocols of interest, because they are
related to the theme of this review, include the CeCl3-catalyzed
hydrochalcogenation of propargylic alcohols and amines,321 the
Cs-catalyzed addition of dichalcogenides to alkynes,322 and
GaCl3-mediated disulfidation.323

In a Pd(OAc)2-catalyzed reaction, the products of the PhSH
and PhSeH addition to the internal double bond of a series of
allenes were formed in good to high yields (Scheme 113).324,325

The reaction of allenes with cyclohexyl thiol in the
presence of CO depends on the nature of transition metal
complex.326 Pd complexes did not catalyze this trans-
formation. Rh complexes resulted in copolymerization pro-
ducts of allene and CO. However, good yields, but with low
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regio- and stereoselectivities, were the result when the
addition reaction was carried out using a Pt(PPh3)4 catalyst
(Scheme 114).

A gold-catalyzed intramolecular addition reaction was re-
ported by Morita and Krause for the preparation of 2,5-dihy-
drothiophenes from R-thioallenes (Scheme 115).327 An efficient
and stereoselective procedure was developed using either AuCl
or AuI as the catalyst precursor. The proposed reaction

mechanism involves an intramolecular nucleophilic attack of
the thiol group followed by transformation into the heterocyclic
product. The reaction proceeds with an axis-to-center chirality
transfer.327

The hydrothiolation of alkynes was developed by Iglesias,
S�anchez, and co-workers using soluble and heterogenized gold
catalysts. They were able to prepare anti-Markovnikov products
with high stereo- and regioselectivity.328 The reaction was carried

Scheme 121

Scheme 122

Scheme 123
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out in toluene at 40 �Cwith only 0.1 mol % of the Au catalyst and
resulted in yields of 90-97%. The heterogenized catalyst was
recovered and reused for three further cycles without noticeable
loss of activity.328 Yamamoto and co-workers have reported
the gold-catalyzed regiospecific intermolecular hydrothiolation
of aromatic allenes by aromatic thiols, leading to the formation
of the corresponding dithioacetals in good yields (0 �C, 5 min,
5 mol % AuBr3).

329

4. CATALYTIC ADDITIONOF Z-X AND Z-C BONDS TO
ALKYNES AND ALLENES (Z = S, SE, TE)

A new Csp2-S or Csp2-Se bond can be formed using an
addition reaction of substrates with S-B, S(Se)-P, or S-Si
bonds to alkynes. A Pd(PPh3)4 catalyst was found to be active in
thioboration,330 thiophosphorylation,331 thioselenation,332 thio-
silylation,333 and thiogermanylation334 reactions. In all of the cases
studied, the regioselectivity of the addition reaction was preferably
to form the R(R0S)CdCHX products (X = B, P, Si, Ge).

The same mechanism was proposed for the cyanothiolation of
alkynes with PhSCN in a Pd(PPh3)4-catalyzed reaction (120 �C,
66 h, PhH).335 The intermediate trans-Pd(SPh)(CN)(PPh3)2
complex was isolated from the corresponding stoichiometric reac-
tion, and it was found that the complex led to the same product—
Z-(PhS)RCdCH(CN)—as the catalytic reaction. The stereo-
chemical results of the reaction with PhSCN depended on the
nature of the alkyne, whereas it was found that the reaction with
AlkSCN did not take place.

A theoretical study (CCSD(T), MP2, and B3LYP levels) of
the reaction mechanism showed that alkyne insertion into the
NC-Pd-SH model complex is easier for the Pd-S bond than
for the Pd-C bond.336 For alkynes with electron-donating substit-
uents (Me and NH2), the insertion into the Pd-S bond was found
to bemore favorable than for the alkynes with electron-withdrawing
substituent (CN).336 A theoretical study at B3LYP and ONIOM
(B3LYP:HF) levels indicated that PhS-CN bond cleavage at the
Pd(0) ceneter is kinetically and thermodynamically favored com-
pared to Ph-SCNbond cleavage. In the same study, the question of
regioselectivity of alkyne insertion was also addressed.337

The Csp2-Se bond was formed in the Pd-catalyzed alkynylse-
lenation of acetylenedicarboxylates leading to enyne selenides.338

The reaction was carried out using the Pd(OAc)2/P(o-tol)3/
K2CO3 catalytic system in toluene/water at 115 �C. The resulting
enyne selenides underwent an intramolecular cycloaddition reac-
tion to form multisubstituted aryl selenides.338

The Csp2-Se bond was also formed in a multicomponent
reaction of the sulfonylamine, diphenyldisulfide, alkyne, and CO
under Pd(PPh3)4-catalyzed conditions (Scheme 116).339,340 It
was proposed that the intermediate Pd complex formed after the
carbonylation reaction underwent a nucleophile attack of the
amide instead of reductive elimination. Other pathways leading
to the same product are also possible.339,340

Kuniyasu, Kambe, and co-workers considered the mechanistic
aspects of the carbochalcogenetation of alkynes and addressed its
possible implementation in synthetic procedures.341-343 They
found that, in particular, unsymmetrical alkynes underwent
decarbonylative aryl thiolation by thioethers under Pt-catalyzed
conditions (Scheme 117).342 The proposed mechanism involved
alkyne insertion into the M-S bond followed by reductive
elimination as the key steps of the catalytic cycle. In a similar
way, the Pt-catalyzed furyl thiolation,343 thienyl thiolation,344

and pyridyl thiolation345 of alkynes were described. One inter-
esting development resulting from this methodology is the Pd-
catalyzed regioselective iminothiolation of alkynes.346

The selenoacylation of allenes was carried out under Pd-cata-
lyzed conditions and led to the regioselective formation of
functionalized allylselenides (55-90% yields).347 Interestingly,
the theoretical study at B3LYP level showed that reductive
elimination, which is the last step in the catalytic cycle, could
be reversible and hence responsible for Z/E isomerization of the
product.347

An example of a Cu-catalyzed addition of telluroesters to
terminal alkynes was reported by Meng and co-workers. There
was stereoselective formation of the syn-addition products
(Scheme 118).348 The transformation was also regioselective
with the ArTe group attached to the same carbon atom as the R
group of the alkyne. A multistage reaction mechanism was
proposed. It involves the formation of a R-CtC-COAr0
derivative followed by addition of an in situ generated ArTeH.348

It should be pointed out that the C-Te bond undergoes
oxidative addition to the metal center easier compared to either
the C-Se or C-S bond.349 It appears, therefore, that the metal-
mediated formation of vinyl tellurides involving a catalytic cycle
with C-Te reductive elimination as the product formation step
(see Scheme 1 and 2) might be less favorable.

5. CATALYTIC ADDITION OF RZ-ZR DERIVATIVES TO
ALKYNES AND ALLENES (Z = S, SE)

In the present section, we describe the current literature on
addition reactions using dichalcogenides RZ-ZR as the reagent.
These lead to the formation of two carbon-heteroatom bonds in
a one-pot procedure. The Pd- and Ni-catalyzed catalytic reac-
tions are discussed first. This is followed by applications of the Rh
catalysts. Finally, examples for addition reactions involving
allenes will be covered at the end of the section.

Noncatalytic addition reactions carried out without transition
metal catalysts will not be presented because this topic has been
already addressed in several publications (see refs 28 and 350-
352 and references therein). It was shown that the noncatalytic
reactions led to different products. A mixture of E-/Z-isomers is
very often formed in the addition of RZZR to alkynes. Our goal is
to concentrate on the selective formation of the Z-isomers in the
catalytic addition of RZZR to the triple bond of alkynes.

Scheme 124 Scheme 125



1624 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

In the pioneering study of Ogawa, Sonoda, and co-workers
published in 1991, it was shown that under Pd(PPh3)4-catalyzed
conditions, Ph2S2 and Ar2Se2 can add to terminal alkynes (ben-
zene, 80 �C), giving good yields (54-98%) with high selectivity
toward the Z-isomer formation (Scheme 119).353 The exception
is phenylacetylene, however, which readily underwent a thermal
side reaction and resulted in the formation of significant amounts
of the E-isomer.353 This catalytic reaction was not suitable for
Alk2Z2 (only 24% yield and E/Z = 25/75 selectivity with Bu2Se2;
6% yield with (PhCH2)2S2). The internal alkynes were not
involved in the reaction.

The catalytic cycle proposed for this reaction involved oxidative
addition of Ar2Z2 to Pd(0) with formation of a Pd disulfide or
diselenide. This is followed by alkyne coordination and insertion into
the Pd-Z bond and finally reductive elimination (Scheme 2). It
should be pointed out that the mechanism of the Z-Z bond addition
to alkynes in terms of alkyne insertion is somewhat simpler compared
to the Z-Hbond addition, where two types of insertion pathways are
possible (cf. Scheme 97). The stereoselectivity of the addition
reactions of symmetrical dichalcogenides to alkynes is amajor concern.

Important mechanistic data was provided from the study of
carbonylative addition reactions. It was proven that alkyne
insertion is both stereo- and regioselective, that the Pd atom is

Scheme 126

Table 2. Ligand Effect in the Palladium-Catalyzed Ph2S2
Addition to 3-Butyn-1-ola 368

entry ligand yield, %

1 PPh3 90

2 P(p-FC6H4)3 88

3 PCy3 15

4 PBu3 2

5 DPPB 2

6 DPPE 0

7 P(OPh)3 4

8 P(OBu)3 99

9 P(OiPri)3 99
aConditions: toluene, 80 �C, 15 h, 1.5mol % of Pd2dba3 and 30mol % of
the ligand.

Scheme 127

Figure 3. Molecular structures of the dinuclear complex trans-[Pd2-
(SPh)4(P(OPr

i)3)2] (top) and mononuclear complex trans-[Pd(SPh)2-
(P(OPri)3)2] (bottom) complexes. Reproduced with permission from
ref 368. Copyright 2005 American Chemical Society.
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attached to the β-position, and that the substituent R is in the R-
position of the alkyne unit.354,341 Carbonylation of this intermedi-
ate Pd alkenyl complex led to the formation of a single product
(Chart 9). If propargylic alcohols were employed in the carbony-
lative addition, the reaction resulted in the formation of a lactoniza-
tion product with moderate to good yields (Scheme 120).354

The presence of a halogen substituent in the o-position of the
phenyl ring substantially facilitated the reaction as a result of
coordination with the Pd atom in a syn-fashion.355 This was
confirmed in a study of alkyne insertion into the Pt-S bond
(Chart 10).356

Wang, Wu, and co-workers reported an excellent mechan-
istic study of a methylacetylene bisselenation on a Pd catalyst
using theoretical calculations at the B3LYP level.357 Several
possible pathways were studied, and the overall mechanism
was shown to involve oxidative addition, insertion, and re-
ductive elimination (Scheme 2). In addition, it was reported
that, in the presence of carbon monoxide, alkyne coordination

Scheme 128

Scheme 129

Scheme 130

Scheme 131 Scheme 132
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and insertion into the Pd-Se was followed by reaction
with CO.357

The attempts to carry out a synthetic procedure with Pd-
(PPh3)4 as catalyst (Scheme 119) gave product yields lower than
65%.358,359 The reasons were revealed in a study of the nature of
the intermediate Pd complexes involved in the reaction. It was
found that dinuclear and polymeric Pd species, formed after
oxidative addition or halogen substitution in the catalyst precursors,
play an important role in the catalytic cycle (Scheme 121).360,361

Dinuclear complexes with trans- and cis-geometries (trans-
complexes are more thermodynamically stable) have the ArZ-
Pd-ZAr structural unit, which is needed to operate in the cata-
lytic cycle. The observed rate constant of the addition reaction of
Ph2Se2 to an alkyne was linearly dependent on the concentration
of the dinuclear complexes [Pd(SePh)4(PPh3)2].

358 A theoretical
study at density functional theory level has shown that alkyne
insertion into the dinuclear complex preferably involves the termi-
nal ZAr group rather than the bridging ZAr group, which is
coordinated in η2 mode.30 Deficient amounts of the phosphine
ligand under catalytic conditions resulted in the rapid formation
of polymeric species and catalyst deactivation (Scheme 121).
This observation suggests that the catalytic reaction should be
carried out in the presence of at least some excess of the phos-
phine ligand. Indeed, an additional amount of the ligand (2-4
equiv) improved the performance of the catalytic reaction and
resulted in high product yields easily reproducible for various
alkynes and dichalcogenides.358,359

Addition reactions carried out with 1,6-heptadiyne as the
reagent and different amounts of Ph2S2 have been shown to
proceed via a stepwise pathway (Scheme 122).359 From the
mechanistic point of view, the product structure indicates that the
Pd center binds to the terminal position of the alkyne. If this were
not the case, then the formation of a cyclic compound as a product
would be expected (see also the carbonylative addition reaction
discussed above). Independent confirmation of the regioselectivity
of the insertion step was provided by carrying out the addition
reaction with cyclopropylacetylene, as shown in Scheme 122 (i.e.,
the absence of the homoallylic rearrangement product).

For synthetic purposes, the Pd catalyst was developed on a
polymeric support. The subsequent addition reaction was carried
out with both excellent yields of 94-99% and stereoselectivity
>99:1 (Scheme 123).362 After completion of the reaction, the
catalyst was easily isolated by filtration and a pure product was
obtained after solvent evaporation (>98% purity without any
additional purification procedures). Unfortunately, it was found

that this synthetic approach was not applicable in the Ph2Se2
addition to alkynes. At 140 �C the triphenylphosphine bound to
the polymer reacted with Ph2Se2 and resulted in selenium atom
transfer to the phosphorus (SedPR3) with the formation of
Ph2Se as a byproduct. The mechanism of this side reaction was
addressed in a joint experimental and theoretical study, which
revealed the relationship between the C-Z and Z-Z bonds,
which involved activation by the Pd complexes.363

These difficulties were overcome by developing a synthetic
procedure using solvent-free molten-state conditions. At 80-
140 �C the (PPh3) ligand and the dichalcogenide R2Z2 formed a
melt, in which the alkyne and the catalyst readily dissolved
(Scheme 124).364 Under these catalytic conditions, the reaction
with Ph2S2 was completed after 5 min using 1 mol % of catalyst,
and at 140 �C the reaction was completed after 1 h with only 0.01
mol % of the catalyst. Reactions involving both Ar2S2 and Ar2Se2
were carried out with excellent yields and selectivity. A kinetic
study showed that the solvent-free reaction in the melt is much
faster than the corresponding reaction in solution. In addition,
the catalyst can be easily isolated by rapid flash chromatography
and reused in the catalytic reaction without noticeable loss of
catalytic activity. Recycling of the homogeneous catalyst from the
solvent was not possible because of decomposition of the Pd
species. The reaction was successfully scaled up for the prepara-
tion of addition products on a gram-scale. A mechanistic study
confirmed the presence of dinuclear Pd intermediate complexes
in the reaction.364

By usingmicrowave irradiation, the reaction timewas shortened
to 10 min and the amount of catalyst decreased to 0.1 mol % of
Pd content.363 Even various simple species such as Pd(PPh3)4,
Pd(OAc)2, or PdCl2 in the presence of PPh3 could be utilized as
the catalyst precursors. To study catalytic reactions inmolten-state
systems, a special NMR technique was developed.365 Using this
technique, intermediate dinuclear Pd complexes with the same
trans-/cis-isomers ratio were detected in the solvent-free/melt
systems after both conventional and microwave heating.365

The Pd(PPh3)4-catalyzed addition of diaryl diselenides to
terminal alkynes was carried out in ionic liquids with high yields
and selectivity at 60 �C (Scheme 125).366 The possibility of
catalyst recycling was shown for these catalytic conditions.

In contrast to Pd catalysts, Pt complexes were found to be
inactive in catalytic reactions between Ar2Z2 compounds and
alkynes.358 It was shown that Pt(PPh3)4 undergoes oxidative addition
of diaryl dichalcogenides with the ultimate formation of trans-[Pt-
(ZAr)2(PPh3)2]. A mechanistic study at lower temperatures
showed that, after the oxidative addition step, the cis-[Pt-
(ZAr)2(PPh3)2] complex was formed first. At room tempera-
ture, this complex underwent irreversible isomerization to
form the trans-derivative.358 It is known that cis-PtCl2(PPh3)2

Scheme 133
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Scheme 135
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and cis-PtCl(SPh)(PPh3)2 complexes also undergo isomeriza-
tion into the corresponding trans-isomers. In the case of the
latter complex, the isomerization took place in the presence of
pyridine.367

The cis-[Pt(SePh)2(PPh3)2] complex was isolated and its
structure was characterized using X-ray analysis. It was found
that this complex does in fact mediate the addition of the Se-Se
bond to alkynes (Scheme 126).358

The question of the influence of the various phosphine ligands
was addressed in a study of the Pd-catalyzed reaction of Ph2S2
addition to alkynes (Table 2).368 Good catalytic activity was
observed with Ar3P ligands (entries 1, 2; Table 2). Interestingly,
trialkylphosphite ligands (AlkO)3P (Alk = Bun, Pri) were even
more active in these catalytic reactions (entries 8, 9; Table 2). On
the other hand, P(OPh)3 led only to trace amounts of the product.
This finding was implemented into the Pd2dba3/(OPr

i)3P cataly-
tic system, which aimed for and resulted in high selectivity Z/E >
97/3 for typical alkynes and good selectivity Z/E > 10/1 for
activated alkynes (Scheme 127).

TheP(OPri)3 ligandwas found to be very convenient not only for
synthetic purposes but also for mechanistic study. In the 1H NMR
spectra of the [Pd]/Ar2Z2/(OPr

i)3P catalytic system, the signals of
the ligand (both free and coordinated) were clearly distinguishable
with no overlap of the Ar2Z2 reagent and ArZ-Pd-ZAr species
spectral lines.368 This is in sharp contrast with traditional [Pd]/

Ar2Z2/Ar03P catalytic systems, where signal overlap of the Ar/Ar0
groups made the 1H NMR spectra barely interpretable.

Using 1H and 31P NMR for the model [Pd]/Ph2S2/(OPr
i)3P

catalytic system, trans- and cis-mononuclear and dinuclear metal
complexes were detected. The equilibrium constant of the di-
nuclear metal complex dissociation was measured, K = 0.066 (
0.007 M at 30 �C.368 Although the equilibrium is shifted toward
the dinuclear complex, with an excess of the (OPri)3P ligand, the
mononuclear trans-[Pd(SPh)2((OPr

i)3P)2] complex was iso-
lated and characterized using X-ray analysis (Figure 3).

Until recently, transition-metal-catalyzed additions of the
Alk2Z2 moiety to alkynes remained a challenging problem. The only
available synthetic route to such products involved the stepwise
reaction of R0

3SiS-SSiR0
3 and alkynes, followed by alkylation

(Scheme 128).369,370

The nature of the organic group in the dichalcogenide plays an
important role in the reactivity of such compounds with metal
complexes. In fact, the S-S bond-dissociation energy in Alk2S2 is

Chart 11

Scheme 136

Scheme 137
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higher compared to Ph2S2: 74 kcal/mol versus 55 kcal/mol,
respectively.371 This could be one of the reasons why different
ligands are required to promote the oxidative addition step with
these dichalcogenides. Indeed, it was found that a Pd catalyst with
the Cy2PhP ligand did catalyze the stereoselective Alk2Z2 addi-
tion to the triple bond of alkynes (Scheme 129).371 The reaction
was carried out at 140 �C for 12 h and gave high yields for Z = S
and good yields for Z = Se. The lower yields obtained in the case
of the diselenides were attributed to the side reaction where
Alk2Se2 converted to Alk2Se.

A much more efficient catalytic system based on Ni complexes
was designed.Using 3mol% of a simple catalyst precursorNi(acac)2
and 30mol% of theMe2PhP ligand, a highly stereoselective addition
of Alk2Z2 (Alk =Me, Bun, Pri, Cy) to alkynes was performed under
solvent-free conditions (Scheme 129). The ligand was found to
play a dramatic role in these catalytic reactions. For both metals,
R2PhP-based ligands were found to be the ones of choice: R =
Cy for Pd and R = Me for Ni.371 In spite of trying out a range of
alkynes, only terminal alkynes were found to be successful in the
reaction; internal alkynes remained inactive.

A comparative theoretical study of the Pd- and Ni-mediated
reactions carried out at the B3LYP level has shown that (i) NiL2
complexes are more reactive in oxidative additions of the Z-Z
bond than PdL2; (ii) for both Ni and Pd complexes, the Z-Z
bond oxidative addition is energetically more favorable than that
for the C-Z bond; and (iii) the activation of the C-Z bond by
the metal complex should be easier for Z = Se than Z = S.371

Cyclic vinyl chalcogenides were successfully synthesized via
the addition reaction of terminal alkynes to cyclic disulfides and
diselenides.296 In the Pd/Cy2PhP catalytic system (L/Pd = 10/
1), the reaction of 1-hexyne with methyl(()R-lipoate led to for-
mation of the product with a yield of 67% after 2 h and 99% after
8 h. As in the case discussed above for the acyclic Alk2Z2, the li-
gand effect had a crucial influence on the performance of the cata-
lytic reaction. For example, using Cy2PhP and CyPh2P resulted
in 99% and 19% yields, respectively. It was found that the ligand
effect is important not only from the point of view of perfor-
mance in the catalytic cycle but also for avoiding catalytic poly-
merization. It is also involved in initiating formation of active
species via the “leaching” process (Scheme 130).296 Stoichiometric
oxidative addition (40 �C) and alkyne insertion reactions (140 �C)
were studied using NMR monitoring. Mononuclear and

polynuclear Pd complexes were detected with 31P and 2D
1H-31P HMQC NMR. The catalytic activity of the
[Pdn(ZR)m(Cy2PhP)2] species was found to be significantly
decreased when the value of n was increased. The most likely
explanation is that both factors, lower solubility and a decreased
number of the terminal ZR groups (the terminal groups are more
reactive toward alkyne insertion compared to the η2-coordinated
bridging ZR groups), are responsible for the observed diminishing
of the catalytic activity.296

The Ni-based catalytic system was found to be synthetically
superior to the Pd system (100 �C for Ni instead of 140 �C for
Pd).296 Five-membered and six-membered dichalcogenides reacted
smoothly with alkynes and resulted in yields of 50-91%
(Scheme 131). A ligand excess was required to maintain a high
activity of the catalyst (L/Ni = 10/1). The same effect has also been
reported for the Ni-catalyzed reaction of the acyclic analogues.371

Without the ligand excess, the formation of insoluble metal species
was observed. These were isolated and studied using scanning
electron microscopy (SEM). According to the SEM study, the
isolated solid possessed a flaky structure. The smallest structural
units were 100-500 nm in size and had a thickness of 40-90
nm.296 This solid was dissolved in toluene in the presence of an
excess of the ligand and subsequently showed the desired catalytic
activity in the addition reaction. Without the phosphine ligand, the
solid proved to be inactive in the catalytic reaction.

A plausible mechanism for the catalytic cycle involves the oxi-
dative addition of the cyclic dichalcogenide to the MLx species.
This is followed by alkyne coordination and insertion into the
M-Z bond and finally reductive elimination (Scheme 132).296

Although only mononuclear metal complexes are shown in
Scheme 132, dinuclear and polynuclear metal species may also
contribute to product formation.

Using the Ni catalyst made it possible to solve the problem of
Z-Z bond addition to internal alkynes.372 In the Ni(acac)2/
PMePh2 catalytic system, addition of Ar2S2 to internal alkynes
led to the formation of vinyl sulfides in 55-91% isolated yields as
well as >99:1 stereoselectivity (Scheme 133). The reaction was
carried out at 100 �C under solvent-free conditions. A combined
experimental and theoretical (PBE level) mechanistic study has
shown that Ni complexesmay bind to the alkyne by the apical site
of a five-coordinated intermediate and subsequent successful
mediation of the addition reaction. A classical four-coordinated
complex would most likely lead to a resting state (Scheme 134).

Scheme 138

Scheme 139 Scheme 140
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The study of the ligand effect in the Ni-catalyzed addition of
diaryl dichalcogenides to terminal alkynes revealed that in
several cases a mixture of alkenes and 1,3-dienes was formed
(Scheme 135).373 The most selective reaction for the formation
of dienes was observed for L = Cy2PhP and Cy3P. These ligands
completely suppressed formation of the alkenes and gave a∼75:25
ratio in favor of the asymmetric diene.

Under optimized conditions (MeCN, 40 �C, 5 h, 3 mol %
Ni(acac)2, 30mol % PPhCy2), the synthetic procedure produced
good yields and the asymmetric dienes were isolated in pure form
using flash chromatography (Chart 11).

According to solution-phase NMR analysis as well as solid state
X-ray analysis, the structures possess a s-gauche configuration of the
central C-C bond in contrast to the s-trans configuration reported
for the majority of known 1,3-dienes. It is the first example of the
application of this synthetic procedure to this type of dienes, which
cannot be accessed by any other method with similar efficiency.

The results have suggested that an intermediate Ni-vinyl
complex formed after reaction with the first molecule of alkyne
may subsequently undergo different pathways (Scheme 136).
One of the options is a very well-known pathway involving an
intramolecular C-Z reductive elimination, which leads to the
formation of the alkene. If the intermediate vinyl complex is
stable enough, it may react with the second alkyne molecule via
an insertion into the Ni-Z or Ni-C bonds, leading to symme-
trical or unsymmetrical 1,3-dienes, respectively. According to
theoretical calculations at the B3LYP level, the formation of the
unsymmetrical diene is preferable from an energy point of view.
This is in agreement with experimental findings.373

The reaction of terminal alkynes with disulfides in the
presence of a RhH(PPh3)4/dppf catalyst resulted in C-H bond
cleavage and formation of a Csp-S bond (Scheme 137).374

Other examples of these Rh-catalyzed σ-bond metathesis reac-
tions involving sulfur groups have also been reported.375 How-
ever, the Rh complex catalyzed the stereoselective addition
reaction in the mixture of alkyne with diaryl disulfide and
diphenyl diselenide (Scheme 138).376

The syn-addition of dialkyl disulfides was catalyzed with the
same Rh complex in the presence of 3 mol % of trifluorometha-
nesulfonic acid (Scheme 139).377 The reaction was found to be
very sensitive to the ligand effect. The best performance was
found for 3 mol % of RhH(PPh3)4 and 12 mol % of tris(p-
methoxyphenyl)phosphine. In some cases, the Rh complex with
the dppf ligand also showed good catalytic activity.

Vinyl chalcogenides were also prepared using transition-
metal-catalyzed RZZR addition to the double bond of allenes.
Ogawa and co-workers reported allene bisselenation with Ph2Se2
and a Pd(PPh3)4 catalyst (Scheme 140).378 The product was
obtained in good to high yields, but with poor stereoselectivity.
Only in the case of cyclohexyl allenewas a good yield combinedwith
high selectivityE/Z=93/7. Adetailed computational study (B3LYP
level) of the regioselective bisselenation of allenes catalyzed by

palladium complexes was carried out byWu and co-workers.379 The
study revealed the ligand effect (PH3 and PMe3 ligands) on the
reaction mechanism and showed that reductive elimination is the
rate-determining step in the case of bulkier ligands.

The RhH(PPh3)4 complex discussed above was also found to
be a suitable catalyst for the addition of disulfides to allenes
(Scheme 141).380 In contrast to the reaction with alkynes
(Scheme 139), the reaction with allenes was accompanied by
hydride transfer and resulted in poor selectivity with ∼1:1 ratio
of the diene and alkenes.

6. CONCLUSIONS

The advent of palladium-catalyzed cross-coupling reactions
has resulted in tremendous advancement in modern organic
chemistry. This has been highlighted by numerous landmarks
including the recognition of its importance by the awarding of the
Nobel Prize to Heck, Negishi, and Suzuki in 2010.381 Although
first developed for Csp2-Csp2, Csp2-Csp, etc. bond formation,
the cross-coupling methodology was further expanded to include
numerous reactions for constructing carbon-heteroatomic
bonds. Attention to the even more complicated case of carbon-
chalcogen bond synthesis (S, Se) has resulted in outstanding
progress and found widespread synthesis applications.

Currently we are experiencing another breakthrough due to the
possibility of replacing palladium by other metals, in particular by
copper and iron. The groundbreaking renaissance of Ullmann
chemistry has led to the development of several very efficient
catalysts, which in some cases replace the more traditional palla-
dium systems. Copper catalysts have proven not only cheaper and
more readily available but also superior in terms of efficiency and
functional group tolerance. One important advantage of copper
systems concerns the involvement of less toxic nitrogen or oxygen
ligands. Palladium-based catalytic systems usually require phos-
phines. The explosion of interest in Cu-catalysis for C-S and C-
Se bond formation has taken place only in recent years, andwe have
tried to reflect this in the present review.

Another fascinating opportunity for making Csp2-Z bonds is to
carry out the hydrochalcogenation or bischalcogenataion reactions via
the addition of Z-H or Z-Z bonds to alkynes. Catalyst design for
this transformation is a rather difficult task: in addition to efficiency,
the question of selectivity is of vital importance. High stereoselectivity
is required for bischalcogenation, and regioselectivity is a critical issue
in hydrochalcogenation. The full atom-economic potential of this
catalytic chemistry will be realized only after a solution to the
selectivity issue is found. As was the case for cross-coupling reactions,
palladium catalysts were first developed for use in the Z-HandZ-Z
bond-addition reactions. In recent years, it was demonstrated that
nickel complexes exhibit superior activity for these transformations
and in some cases even outperform the palladium analogues.

The next challenge in carbon-heteroatom cross-coupling
chemistry is to develop recyclable catalytic systems, which can

Scheme 141
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be easily isolated from the products and reused many times
without loss of catalyst or activity. In the case of cross-coupling
reactions (section 2), it is significant that heterogeneous systems
with the possibility of recycling are more commonly found for
copper. This is in contrast to palladium, where only a few
recyclable catalytic systems have been developed. It appears to
be more likely that the copper particles suffer less from the
problem of leaching. It is well-known that this is the situation for
palladium.382,383 In addition reactions (sections 3-5), the
degree of leaching and the nature of the catalytic system can be
efficiently controlled by the use of phosphine ligands. This
phenomenon provides a convenient tool to control Pd- or Ni-
mediated transformations in homogeneous or solid-state cata-
lysis. The dependence of the catalytic activity on the size and
shape of the nanostructured particles is of particular interest in
heterogeneous systems.

Finally, we anticipate further development of traditional Pd
systems as well as the exploitation of other metals (Cu, Ni, Fe, Zr,
Ln, An) as catalysts forC-S andC-Se bond formation. In addition,
there is potential to use this chemistry in the search for more reliable
approaches for the construction of C-Te bonds. There is a definite
need to design and develop highly efficient, selective, and recyclable
catalysts of industrial importance in the near future.

AUTHOR INFORMATION

Corresponding Author
*E-mail: beletska@org.chem.msu.ru; Fax: þ7 (495) 9393618
(Beletskaya). E-mail: val@ioc.ac.ru; Fax: þ7 (499) 1355328
(Ananikov).

BIOGRAPHIES

Valentine Ananikov received his Ph.D. degree in 1999 and his
Habilitation in 2003, and in 2005 he was appointed Professor and
Laboratory Head of the ND Zelinsky Institute of Organic Chem-
istry, The Russian Academy of Sciences. In 2008 he was elected as a
CorrespondingMember of Russian Academy of Sciences. Hewas a
recipient of the Russian State Prize for Outstanding Achievements
in Science and Technology (2004), an Award of the Science
Support Foundation (2005), a Medal of the Russian Academy of
Sciences (2000), and Liebig Lecturer by GermanChemical Society
(2010). His research has been supported by grants from the
President of Russia (2004, 2007). He is a member of the Interna-
tional Advisory Boards ofOrganometallics andChemistry AnAsian
Journal. His scientific interests are focused on (i) transition metal
catalyzed reactions, (ii) development of new NMR methods, and
(iii) mechanistic studies of catalytic reactions.

Irina Beletskaya received her Diploma degree in 1955, her Ph.
D. degree in 1958, and her Doctor of Chemistry degree in 1963
from Moscow State University. The subject for the latter was
Electrophilic Substitution at Saturated Carbon. She became a
Full Professor at Moscow State University in 1970, and in 1974
she became a Corresponding Member of the Academy of
Sciences (USSR), of which she became a full member
(Academician) in 1992. She is currently Head of the Laboratory
of Organoelement Compounds, Department of Chemistry,
Moscow State University. Irina Beletskaya is Chief Editor of
the Russian Journal of Organic Chemistry. She was President of
the Organic Chemistry Division of IUPAC from 1989 to 1991.
She was a recipient of the Lomonosov Prize (1979), the
Mendeleev Prize (1982), The Nesmeyanov Prize (1991), the
Demidov Prize (2003), and the State Prize (2004). She is the
author of more 600 articles and 4 monographs. Her current
scientific interests are focused on (i) transition metal catalysis in
organic synthesis, (ii) organic derivatives of lanthanides, and (iii)
carbanions and nucleophilic aromatic substitution.

REFERENCES

(1) Beccalli, E. M.; Broggini, G.; Martinelli, M.; Sottocornola, S.
Chem. Rev. 2007, 107, 5318.

(2) Monnier, F.; Taillefer, M. Angew. Chem., Int. Ed. 2009, 48, 6954.
(3) Zalatan, D. N.; Du Bois, J. Top. Curr. Chem. 2010, 292, 347.
(4) Selected representative examples: (a) Dzudza, A.; Marks, T.

Chem.—Eur. J. 2010, 16, 3403. (b) Hadfield, M. S.; Lee, A. Org. Lett.
2010, 12, 484. (c) Hirai, T.; Hamasaki, A.; Nakamura, A.; Tokunaga, M.
Org. Lett. 2009, 11, 5510. (d) Liu, C.; Bender, C. F.; Han, X.;
Widenhoefer, R. A. Chem. Commun. 2007, 3607. (e) Zhang, Y.; Sigman,
M. S. Org. Lett. 2006, 8, 5557. (f) Bruneau, C.; Dixneuf, P. H. Angew.
Chem., Int. Ed. 2006, 45, 2176. (g) Patil, N. T.; Lutete, L. M.; Wu, H.;
Pahadi, N. K.; Gridnev, I. D.; Yamamoto, Y. J. Org. Chem. 2006, 71, 4270.
(h) Alex, K.; Tillack, A.; Schwarz, N.; Beller, M. ChemSusChem 2008, 1,
333. (i) Hong, S.; Marks, T. J. Acc. Chem. Res. 2004, 37, 673. (j) Tillack,
A.; Khedkar, V.; Beller, M.Tetrahedron Lett. 2004, 45, 8875. (k)Hartwig,
J. Pure Appl. Chem. 2004, 76, 507. (l) Pohlki, F.; Doye, S. Chem. Soc. Rev.
2003, 32, 104. (m) Fadini, L.; Togni, A. Chem. Commun. 2003, 30.
(n) Ackermann, L.; Bergman, R. G. Org. Lett. 2002, 4, 1475.

(5) (a) Glueck, D. S. Top. Organomet. Chem. 2010, 31, 65. (b)
Ananikov, V. P.; Khemchyan, L. L.; Beletskaya, I. P.; Starikova, Z. A. Adv.
Synth. Catal. 2010, 352, 2979. (c) Ananikov, V. P.; Khemchyan, L. L.;
Beletskaya, I. P. Synlett 2009, 2375. (d) Coudray, L.; Montchamp, J.-L.
Eur. J. Org. Chem. 2008, 3601. (e) Tanaka, M. Top. Curr. Chem. 2004,
232, 25. (f) Han, L.-B.; Tanaka, M. Chem. Commun 1999, 395.

(6) Beletskaya, I.; Moberg, C. Chem. Rev. 1999, 99, 3435.
(7) Alonso, F.; Beletskaya, I. P.; Yus, M. Chem. Rev. 2004, 104, 3079.
(8) Beletskaya, I.; Moberg, C. Chem. Rev. 2006, 106, 2320.



1631 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

(9) Hegedus, L. L.; McCabe, R. W. Catalyst Poisoning; Marcel
Dekker: New York, 1984.
(10) (a) Dunleavy, J. Platinum Met. Rev. 2006, 50, 110. (b) Song,

C. S. Catal. Today 2003, 86, 211. (c) Babich, I. V.; Moulijn, J. A. Fuel
2003, 82, 607. (d) Song, C. S.; Ma, X. Appl. Catal., B 2003, 41, 207.
(e) Nasri, N. S.; Jones, J. M.; Dupont, V. A.; Williams, A. Energy Fuels
1998, 12, 1130. (f) Borgna, A.; Garetto, T. F.; Monzon, A. J. Chem. Soc.,
Faraday Trans. 1997, 93, 2445. (g) Chang, J.-R.; Chang, S.-L.; Lin, T.-B.
J. Catal. 1997, 169, 338. (h) Paal, Z.; Matusek, K.; Muhler, M. Appl.
Catal., A 1997, 149, 113.
(11) (a) Organic Sulfur Chemistry. Theoretical and Experimental

Advances; , Vol. 19; Bernardi, F., Csizmadia, I. G., Mangini, A., Eds.;
Elsevier: Amsterdam, The Netherlands, 1985. (b) Ager, D. J. Chem.
Soc. Rev. 1982, 11, 493.(c) Block, E. Reactions of Organosulfur Com-
pounds; Academic Press: New York, 1978. (d) Patai, S., Rappoport, Z.,
Eds. The Chemistry of Organic Selenium and Tellurium Compounds; John
Wiley & Sons: New York, 1986-1987; Vol. 1-2. (e) Wirth, T., Ed.
Organoselenium Chemistry: Modern Developments in Organic Synthesis;
Springer Verlag: Berlin, NY, 2000. (f) McReynolds, M. D.; Dougherty,
J. M.; Hanson, P. R. Chem. Rev. 2004, 104, 2239. (g) Zyk, N. V.;
Beloglazkina, E. K.; Belova, M. A.; Dubinina, N. S.Russ. Chem. Rev. 2003,
72, 769. (h) Sizov, A.Yu.; Kovregin, A. N.; Ermolov, A. F. Russ. Chem.
Rev. 2003, 72, 357. (i) Mangini, A. Sulfur Rep. 1987, 7, 313.
(12) Some representative examples in pharmaceutical field and

biologically active compounds: (a) Gangjee, A.; Zeng, Y.; Talreja, T.;
McGuire, J. J.; Kisliuk, R. L.; Queener, S. F. J. Med. Chem. 2007, 50, 3046.
(b) Faucher, A.-M.;White, P.W.; Brochu, C.;Maitre, C. G.; Rancourt, J.;
Fazal, G. J. Med. Chem. 2004, 47, 18. (c) Otzen, T.; Wempe, E. G.; Kunz,
B.; Bartels, R.; Lehwark-Yvetot, G.; H€ansel, W.; Schaper, K.-J.; Seydel,
J. K. J. Med. Chem. 2004, 47, 240. (d) Liu, L.; Stelmach, J. E.; Natarajan,
S. R.; Chen, M.-H.; Singh, S. B.; Schwartz, C. D.; Fitzgerald, C. E.;
O’Keefe, S. J.; Zaller, D. M.; Schmatz, D. M.; Doherty, J. B. Bioorg. Med.
Chem. Lett. 2003, 13, 3979. (e) Hu, W.; Guo, Z.; Chu, F.; Bai, A.; Yi, X.;
Cheng, G.; Li, J. Bioorg. Med. Chem. Lett. 2003, 13, 1153. (f) Wang, Y.;
Chackalamannil, S.; Chang, W.; Greenlee, W.; Ruperto, V.; Duffy, R. A.;
McQuade, R.; Lachowicz, J. E. Bioorg. Med. Chem. Lett. 2001, 11, 891.
(g) Liu, G.; Link, J. T.; Pei, Z.; Reilly, E. B.; Leitza, S.; Nguyen, B.; Marsh,
K. C.; Okasinski, G. F.; von Geldern, T. W.; Ormes, M.; Fowler, K.;
Gallatin, M. J. Med. Chem. 2000, 43, 4025. (h) Sun, Z. Y.; Botros, E.; Su,
A. D.; Kim, Y.;Wang, E.; Baturay, N. Z.; Kwon, C.H. J. Med. Chem. 2000,
43, 4160. (i) Artico, M.; Silvestri, R.; Pagnozzi, E.; Bruno, B.; Novellino,
E.; Greco, G.; Massa, S.; Ettorre, A.; Loi, A. G.; Scintu, F.; La Colla, P.
J. Med. Chem. 2000, 43, 1886. (j) Kaldor, S. W.; Kalish, V. J.; Davies, J. F.;
Shetty, B. V.; Fritz, J. E.; Appelt, K.; Burgess, J. A.; Campanale, K. M.;
Chirgadze, N. Y.; Clawson, D. K.; Dressman, B. A.; Hatch, S. D.;
Khalil, D. A.; Kosa, M. B.; Lubbehusen, P. P.; Muesing, M. A.; Patick,
A. K.; Reich, S. H.; Su, K. S.; Tatlock, J. H. J. Med. Chem. 1997, 40, 3979.
(13) (a) Lauterbach, C.; Fabian, J. Eur. J. Inorg. Chem. 1999, 1995.

(b) Hope, E. G.; Levason, W. Coord. Chem. Rev. 1993, 122, 109.
(c) Clemenson, P. I. Coord. Chem. Rev. 1990, 106, 171. (d) Yu, C. J.;
Chong, Y.; Kayyem, J. F.; Gozin, M. J. Org. Chem. 1999, 64, 2070.
(14) Examples of metal-catalyzed transformations: (a) Page,

P. C. B.; Klair, S. S.; Brown, M. P.; Smith, C. S.; Maginn, S. J.; Mulley,
S. Tetrahedron 1992, 48, 5933. (b) Goux, C.; Lhoste, P.; Sinou, D.
Tetrahedron Lett. 1992, 33, 8099. (c) Inada, Y.; Nishibayashi, Y.; Hidai,
M.; Uemura, S. J. Am. Chem. Soc. 2002, 124, 15172. (d) Tsutsumi, K.;
Fujimoto, K.; Yabukami, T.; Kawase, T.; Morimoto, T.; Kakiuchi, K. Eur.
J. Org. Chem. 2004, 504. (e) Tanaka, K.; Hori, T.; Osaka, T.; Noguchi,
K.; Hirano, M. Org. Lett. 2007, 9, 4881. (f) Yatsumonji, Y.; Ishida, Y.;
Tsubouchi, A.; Takeda, T. Org. Lett. 2007, 9, 4603. (g) Zaitsev, A. B.;
Caldwell, H. F.; Pregosin, P. S.; Veiros, L. F. Chem.—Eur. J. 2009, 15,
6468. (h) Hori, T.; Shibata, Y.; Tanaka, K. Tetrahedron: Asymmetry
2010, 21, 1303.
(15) Prim, D.; Campagne, J.-M.; Joseph, D.; Andrioletti, B. Tetra-

hedron 2002, 58, 2041.
(16) Carril, M.; SanMartin, R.; Domínguez, E. Chem. Soc. Rev. 2008,

37, 639.
(17) Hartwig, J. F. Acc. Chem. Res. 2008, 41, 1534.

(18) Kunz, K.; Scholz, U.; Ganzer, D. Synlett 2003, 2428.
(19) Beletskaya, I. P.; Cheprakov, A. V.Coord. Chem. Rev. 2004, 248,

2337.
(20) Gwilherm, E.; Blanchard, N.; Toumi, M. Chem. Rev. 2008, 108,

3054.
(21) Ley, S. V.; Thomas, A. W. Angew. Chem., Int. Ed. 2003, 42,

5400.
(22) Weiss, C. J.; Marks, T. J. Dalton Trans. 2010, 39, 6576.
(23) Kondo, T.; Mitsudo, T.-A. Chem. Rev. 2000, 100, 3205.
(24) Bichler, P.; Love, J. A. Top. Organomet. Chem. 2010, 31, 39.
(25) S€oderberg, B. C. G. Coord. Chem. Rev. 2008, 252, 57.
(26) Arisawa, M.; Yamaguchi, M. Pure Appl. Chem. 2008, 80, 993.
(27) Freudendahl, D. M.; Shahzad, S. A.; Wirth, T. Eur. J. Org. Chem.

2009, 1649.
(28) Perin, G.; Lenardao, E. J.; Jacob, R. G.; Panatieri, R. B. Chem.

Rev. 2009, 109, 1277.
(29) Beletskaya, I. P.; Ananikov, V. P. Eur. J. Org. Chem. 2007, 3431.
(30) Beletskaya, I. P.; Ananikov, V. P. Pure Appl. Chem. 2007, 79, 1041.
(31) Ogawa, A. J. Organomet. Chem. 2000, 611, 463.
(32) Kosugi, M.; Shimizu, T.; Migita, T. Chem. Lett. 1978, 13.
(33) Migita, T.; Shimizu, T.; Asami, Y.; Shiobara, J.-i.; Kato, Y.;

Kosugi, M. Bull. Chem. Soc. Jpn. 1980, 53, 1385.
(34) Murahashi, S.-I.; Yamamura, M.; Yanagisawa, K.-i.; Mita, N.;

Kondo, K. J. Org. Chem. 1979, 44, 2408.
(35) (a) Bumagin, N. A.; Kasatkin, A. N.; Beletskaya, I. P. Bull. Acad.

Sci. USSR: Chem. Sci. (Izv. Akad. Nauk SSSR, Ser. Khim.) 1984, 33, 588.
(b) Kashin, A. N.; Bumagina, I. G.; Bumagin, N. A.; Beletskaya, I. P. Russ.
J. Org. Chem. (Zhurn. Org. Khim.) 1981, 17, 21.

(36) Beletskaya, I. P. J. Organomet. Chem. 1983, 250, 551.
(37) Kosugi, M.; Ogata, T.; Terada, M.; Sano, H.; Migita, T. Bull.

Chem. Soc. Jpn. 1985, 58, 3657.
(38) Carpita, A.; Rossi, R.; Scamuzzi, B. Tetrahedron Lett. 1989, 30,

2699.
(39) Dickens, M. J.; Gilday, J. P.; Mowlem, T. J.; Widdowson, D. A.

Tetrahedron 1991, 47, 8621.
(40) Jixiang, C.; Crisp, G. T. Synth. Commun. 1992, 22, 683.
(41) Rane, A. M.; Miranda, E. I.; Soderquist, J. A. Tetrahedron Lett.

1994, 35, 3225.
(42) Arnould, J. C.; Didelot, M.; Cadilhac, C.; Pasquet, M. J.

Tetrahedron Lett. 1996, 37, 4523.
(43) Harr, M. S.; Presley, A. L.; Thorarensen, A. Synlett 1999, 1579.
(44) Kreis, M.; Br€ase, S. Adv. Synth. Catal. 2005, 347, 313.
(45) Gareau, Y.; Pellicelli, J.; Lalibert�e, S.; Gauvreau, D. Tetrahedron

Lett. 2003, 44, 7821.
(46) Ananikov, V. P.; Mitchenko, S. A.; Beletskaya, I. P. Russ. J. Org.

Chem. 2002, 38, 636.
(47) Trostyanskaya, I. G.; Titskiy, D. Y.; Anufrieva, E. A.; Borisenko,

A. A.; Kazankova, M. A.; Beletskaya, I. P. Russ. Chem. Bull., Int. Ed. 2001,
50, 2095.

(48) Foa,M.; Santi, R.; Garavaglia, F. J. Organomet. Chem. 1981, 206,
C29.

(49) Ciattini, P. G.; Morera, E.; Ortar, G. Tetrahedron Lett. 1995, 36,
4133.

(50) Rajagopalan, S.; Radke, G.; Evans, M.; Tomich, J. M. Synth.
Commun. 1996, 26, 1431.

(51) Cristau, H. J.; Chabaud, B.; Chene, A.; Christol, H. Synthesis
1981, 892.

(52) Yamamoto, T.; Sekine, Y. Can. J. Chem. 1984, 62, 1544.
(53) (a) Louie, J.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117, 11598.

(b) Alvaro, E.; Hartwig, J. F. J. Am. Chem. Soc. 2009, 131, 7858. (c)
Mann, G.; Bara~nano, D.; Hartwig, J. F.; Rheingold, A. L.; Guzei, I. A.
J. Am. Chem. Soc. 1998, 120, 9205. (d) Bara~nano, D.; Hartwig, J. F. J. Am.
Chem. Soc. 1995, 117, 2937.

(54) Hartwig, J. F. Inorg. Chem. 2007, 46, 1936.
(55) Moreau, X.; Campagne, J. M.; Meyer, G.; Jutand, A. Eur. J. Org.

Chem. 2005, 3749.
(56) Zheng, N.; McWilliams, J. C.; Fleitz, F. J.; Armstrong, J. D.;

Volante, R. P. J. Org. Chem. 1998, 63, 9606.



1632 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

(57) McWilliams, J. C.; Fleitz, F. J.; Zheng, N.; Armstrong, J. D.
Organic Syntheses; 2004, Coll. Vol. 10, p 147; 2002, Vol. 79, p 43.
(58) Li, G. Y.; Zheng, G.; Noonan, A. F. J. Org. Chem. 2001, 66, 8677.
(59) Li, G. Y. Angew. Chem., Int. Ed. 2001, 40, 1513.
(60) Li, G. Y. J. Org. Chem. 2002, 67, 3643.
(61) Schopfer, U.; Schlapbach, A. Tetrahedron 2001, 57, 3069.
(62) Murata, M.; Buchwald, S. L. Tetrahedron 2004, 60, 7397.
(63) Fernandez-Rodrıguez, M. A.; Shen, Q.; Hartwig, J. F. J. Am.

Chem. Soc. 2006, 128, 2180.
(64) Fernandez-Rodriguez, M. A.; Shen, Q.; Hartwig, J. F. Chem.—

Eur. J. 2006, 12, 7782.
(65) Fern�andez-Rodríguez, M. A.; Hartwig, J. F. J. Org. Chem. 2009,

74, 1663.
(66) (a) Fern�andez-Rodríguez, M.; Hartwig, J. Chem.—Eur. J. 2010,

16, 2355. (b) van den Hoogenband, A.; Lange, J. W.; Bronger, R. P.;
Stoit, A. R.; Tupstra, S. W. Tetrahedron Lett. 2010, 51, 6877.
(67) Maitro, G.; Vogel, S.; Sadaoui, M.; Prestat, G.; Madec, D.; Poli,

G. Org. Lett. 2007, 9, 5493.
(68) Maitro, G.; Vogel, S.; Prestat, G.; Madec, D.; Poli, G. Org. Lett.

2006, 8, 5951.
(69) Eichman, C. C.; Stambuli, J. P. J. Org. Chem. 2009, 74, 4005.
(70) Itoh, T.; Mase, T. Org. Lett. 2004, 6, 4587.
(71) Mispelaere-Canivet, C.; Spindler, J.; Perrio, S.; Beslin, P.

Tetrahedron 2005, 61, 5253.
(72) Gao, G.-Y.; Colvin, A. J.; Chen, Y.; Zhang, X. P. J. Org. Chem.

2004, 69, 8886.
(73) Cai, L.; Cuevas, J.; Peng, Y.-Y.; Pike, V. W. Tetrahedron Lett.

2006, 47, 4449.
(74) Hamada, M.; Kiuchi, M.; Adachi, K. Synthesis 2007, 1927.
(75) (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.

(b) Suzuki, A.; Brown, H. C. Organic Synthesis Via Boranes: Suzuki
Coupling; Aldrich Chemical Company, Inc.: Milwaukee, WI, 2003;
Vol. 3. (c) Cross-coupling reactions: A practical guide; Miyaura, N., Ed.;
Springer: Berlin, 2002.
(76) Ishiyama, T.; Mori, M.; Suzuki, A.; Miyaura, N. J. Organomet.

Chem. 1996, 525, 225.
(77) Lee, J.; Lee, P. H. J. Org. Chem. 2008, 73, 7413.
(78) Bryan, C.; Braunger, J.; Lautens,M.Angew. Chem., Int. Ed. 2009,

48, 7064.
(79) Willis, M. C.; Taylor, D.; Gillmore, A. T. Tetrahedron 2006, 62,

11513.
(80) Moreau, X.; Campagne, J. J. Organomet. Chem. 2003, 687, 322.
(81) Moreau, X.; Campagne, J. J. Org. Chem. 2003, 68, 5346.
(82) (a) Namyslo, J.; Stanitzek, C. Synthesis 2006, 3367. (b) Okauchi,

Kuramoto, K.; Kitamura, M. Synlett 2010, 2891.
(83) Dahl, T.; Tornøe, C. W.; Bang-Andersen, B.; Nielsen, P.;

Jørgensen, M. Angew. Chem., Int. Ed. 2008, 47, 1726.
(84) Krief, A.; Dumont, W.; Robert, M.Chem. Commun. 2005, 2167.
(85) Barbi�eri, R. S.; Bellato, C. R.; Dias, A. K. C.; Massabni, A. C.

Catal. Lett. 2006, 109, 171.
(86) Wendeborn, S.; Berteina, S.; Brill, W. K.-D.; De Mesmaeker, A.

Synlett 1998, 671.
(87) Wendeborn, S.; DeMesmaeker, A.; Brill,W. K.; Berteina, S.Acc.

Chem. Res. 2000, 33, 215.
(88) Beletskaya, I. P.; Sigeev, A. S.; Peregudov, A. S.; Petrovskii, P. V.

Russ. J. Org. Chem. 2001, 37, 1463.
(89) Beletskaya, I. P.; Sigeev, A. S.; Peregudov, A. S.; Petrovskii, P. V.

Russ. J. Org. Chem. 2001, 37, 1703.
(90) Nishiyama, Y.; Tokunaga, K.; Sonoda, N. Org. Lett. 1999, 1,

1725.
(91) Still, I. W. J.; Toste, F. D. J. Org. Chem. 1996, 61, 7677.
(92) Bonaterra, M.;Martın, S. E.; Rossi, R. A.Tetrahedron Lett. 2006,

47, 3511.
(93) Fukuzawa, S.-i.; Tanihara, D.; Kikuchi, S. Synlett 2006, 2145.
(94) Santi, C.; Santoro, S.; Testaferri, L.; Tiecco, M. Synlett 2008,

1471.
(95) Munbunjong, W.; Lee, E. H.; Chavasiric, W.; Jang, D. O.

Tetrahedron Lett. 2005, 46, 8769.

(96) Ranu, B. C.; Mandal, T.; Samanta, S. Org. Lett. 2003, 5, 1439.
(97) Ranu, B. C.; Chattopadhyay, K.; Banerjee, S. J. Org. Chem. 2006,

71, 423.
(98) Tang, R.-y.; Zhong, P.; Lin, Q.-l. Synthesis 2007, 85.
(99) Ranu, B. C.; Mandal, T. J. Org. Chem. 2004, 69, 5793.
(100) Huang, X.; Liang, C. J. Chem. Soc., Perkin Trans. 1 1999, 2625.
(101) Cacchi, S.; Fabrizi, G.; Goggiamani, A.; Parisi, L. M.;

Bernini, R. J. Org. Chem. 2004, 69, 5608.
(102) Cacchi, S.; Fabrizi, G.; Goggiamani, A.; Parisi, L. M. Org. Lett.

2002, 4, 4719.
(103) Bandgar, B. P.; Bettigeri, S. V.; Phopase, J. Org. Lett. 2004, 6,

2105.
(104) Reeves, D. C.; Rodriguez, S.; Lee, H.; Haddad, N.;

Krishnamurthy, D.; Senanayake, C. H. Tetrahedron Lett. 2009, 50, 2870.
(105) Lai, C.; Backes, B. J. Tetrahedron Lett. 2007, 48, 3033.
(106) Kato, K.; Ono, M.; Akita, H. Tetrahedron Lett. 1997, 38, 1805.
(107) Nishiyama, Y.; Kawamatsu, H.; Funato, S.; Tokunaga, K.;

Sonoda, N. J. Org. Chem. 2003, 68, 3599.
(108) Beletskaya, I. P.; Sigeev, A. S.; Peregudov, A. S.; Petrovskii,

P. V. Chem. Lett. 2005, 34, 1348.
(109) (a) Joyce, L. L.; Batey, R. A.Org. Lett. 2009, 11, 2792. See also

other Pd-catalyzed reactions for the synthesis of benzothiazoles:
(b) Vera, M. D.; Pelletier, J. C. J. Comb. Chem. 2007, 9, 569. (c) Benedi,
C.; Bravo, F.; Uriz, P.; Fernandez, E.; Claver, C.; Castill�on, S. Tetra-
hedron Lett. 2003, 44, 6073.

(110) Itoh, T.; Mase, T. Org. Lett. 2007, 9, 3687.
(111) Inamoto, K.; Hasegawa, C.; Hiroya, K.; Doi, T.Org. Lett. 2008,

10, 5147.
(112) Inamoto, K.; Arai, Y.; Hiroya, K.; Doi, T. Chem. Commun.

2008, 5529.
(113) Zhao, X.; Dimitrijevi�c, E.; Dong, V. M. J. Am. Chem. Soc. 2009,

131, 3466.
(114) Fu, C.; Liu, Y.; Peng, S.; Liu, S. Tetrahedron 2010, 66, 2119.
(115) Velmathi, S.; Vijayaraghavan, R.; Amarendar, C.; Pal, R.; Vinu,

A. Synlett 2010, 2733.
(116) Duan, Z.; Ranjit, S.; Zhang, P.; Liu, X.Chem.—Eur. J. 2009, 15,

3666.
(117) Waetzig, S. R.; Tunge, J. A. Chem. Commun. 2008, 3311.
(118) Prokopcov�a, H.; Kappe, C. O. J. Org. Chem. 2007, 72, 4440.
(119) Jiang, Z.; She, J.; Lin, X. Adv. Synth. Catal. 2009, 351, 2558.
(120) Kom�aromi, A.; Szab�o, F.; Nov�ak, Z. Tetrahedron Lett. 2010,

51, 5411.
(121) Cristau, H. J.; Chabaud, B.; Labaudiniere, R.; Christol, H.

Organometallics 1985, 4, 657.
(122) Cristau, H. J.; Chabaud, B.; Labaudiniere, R.; Christol, H.

J. Org. Chem. 1986, 51, 875.
(123) Percec, V.; Bae, J.; Hill, D. H. J. Org. Chem. 1995, 60, 6895.
(124) Yatsumonji, Y.; Okada, O.; Tsubouchi, A.; Takeda, T. Tetra-

hedron 2006, 62, 9981.
(125) Takagi, K. Chem. Lett. 1987, 2221.
(126) Gendre, F.; Yang, M.; Diaz, P. Org. Lett. 2005, 7, 2719.
(127) Millois, C.; Diaz, P. Org. Lett. 2000, 2, 1705.
(128) Taniguchi, N. J. Org. Chem. 2004, 69, 6904.
(129) Gomez-Benıtez, V.; Baldovino-Pantaleon, O.; Herrera-

Alvarez, C.; Toscano, R. A.; Morales-Morales, D. Tetrahedron Lett.
2006, 47, 5059.

(130) Zhang, J.; Medley, C. M.; Krause, J. A.; Guan, H. Organome-
tallics 2010, 29, 6393.

(131) Baldovino-Pantaleon, O.; Hernandez-Ortega, S.; Morales-
Morales, D. Inorg. Chem. Commun. 2005, 8, 955.

(132) Baldovino-Pantaleon, O.; Hernandez-Ortega, S.; Morales-
Morales, D. Adv. Synth. Catal. 2006, 348, 236.

(133) Jammi, S.; Barua, P.; Rout, L.; Saha, P.; Punniyamurthy, T.
Tetrahedron Lett. 2008, 49, 1484.

(134) Zhang, Y.; Ngeow, K. C.; Ying, J. Y. Org. Lett. 2007, 9, 3495.
(135) Sreedhar, B.; Reddy, P. S.; Reddy, M. A. Synthesis 2009, 1732.
(136) Wenkert, E.; Ferreira, T. W.; Michelotti, E. L. J. Chem. Soc.,

Chem. Commun. 1979, 637.



1633 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

(137) Cao, Y.; Zhang, Z.; Guo, Y.; Wu, G. Synth. Commun. 2008, 38,
1325.
(138) Saxena, A.; Kumar, A.; Mozumdar, S. Appl. Catal., A 2007,

317, 210.
(139) Lindley, J. Tetrahedron 1984, 40, 1433.
(140) Suzuki, H.; Abe, H.; Osuka, A. Chem. Lett. 1980, 1363.
(141) Beletskaya, I. P.; Sigeev, A. S.; Peregudov, A. S.; Petrovskii,

P. V. Tetrahedron Lett. 2003, 44, 7039.
(142) Beletskaya, I. P.; Sigeev, A. S.; Peregudov, A. S.; Petrovskii,

P. V.; Khrustalev, V. N. Chem. Lett. 2010, 39, 720.
(143) Kalinin, A. V.; Bower, J. F.; Riebel, P.; Snieckus, V. J. Org.

Chem. 1999, 64, 2986.
(144) Palomo, C.; Oiarbide, M.; L�opez, R.; G�omez-Bengo, E.

Tetrahedron Lett. 2000, 41, 1283.
(145) Bates, C. G.; Gujadhur, R. K.; Venkataraman, D. Org. Lett.

2002, 4, 2803.
(146) He, H.; Llauger, L.; Rosen, N.; Chiosis, G. J. Org. Chem. 2004,

69, 3230.
(147) Gujadhur, R. K.; Venkataraman, D.Tetrahedron Lett. 2003, 44,

81.
(148) Bates, C. G.; Saejueng, P.; Doherty, M. Q.; Venkataraman, D.

Org. Lett. 2004, 6, 5005.
(149) Kabir, M. S.; Van Linn, M. L.; Monte, A.; Cook, J. M.Org. Lett.

2008, 10, 3363.
(150) Kabir, M. S.; Lorenz, M.; Van Linn, M. L.; Namjoshi, O. A.;

Ara, S.; Cook, J. M. J. Org. Chem. 2010, 75, 3626.
(151) Jiang, B.; Tian, H.; Huang, Z.; Xu,M.Org. Lett. 2008, 10, 2737.
(152) Wan, Z.; Jones, C. D.; Koenig, T. M.; Pu, Y.; Mitchell, D.

Tetrahedron Lett. 2003, 44, 8257.
(153) Kwong, F. Y.; Buchwald, S. L. Org. Lett. 2002, 4, 3517.
(154) Enguehard-Gueiffier, C.; Thery, I.; Gueiffier, A.; Buchwald,

S. L. Tetrahedron 2006, 62, 6042.
(155) Chen, Y.-J.; Chen, H.-H. Org. Lett. 2006, 8, 5609.
(156) Jogdand, N. R.; Shingate, B. B.; Shingare, M. S. Tetrahedron

Lett. 2009, 50, 6092.
(157) Carril, M.; SanMartin, R.; Domínguez, E.; Tellitu, I. Chem.—

Eur. J. 2007, 13, 5100.
(158) Prasad, D.; Naidu, A. B.; Sekar, G. Tetrahedron Lett. 2009, 50,

1411.
(159) Jaseer, E.; Prasad, D.; Dandapat, A.; Sekar, G.Tetrahedron Lett.

2010, 51, 5009.
(160) Pinchart, A.; Dallaire, C.; Gingras, M. Tetrahedron Lett. 1998,

39, 543.
(161) Feng, Y.; Wang, H.; Sun, F.; Li, Y.; Fu, X.; Jin, K. Tetrahedron

2009, 65, 9737.
(162) Wong, K.; Ku, S.; Yen, F. Tetrahedron Lett. 2007, 48, 5051.
(163) Hald�on, E.; �Alvarez, E.; Nicasio, M. C.; P�erez, P. J. Organo-

metallics 2009, 28, 3815.
(164) Surry, D. S.; Buchwald, S. L. Chem. Sci. 2010, 1, 13.
(165) Zhu, D.; Xu, L.; Wu, F.; Wan, B. Tetrahedron Lett. 2006, 47,

5781.
(166) Verma, A. K.; Singh, J.; Chaudhary, R. Tetrahedron Lett. 2007,

48, 7199.
(167) Xu, H.; Zhao, X.; Fu, Y.; Feng, Y. Synlett 2008, 3063.
(168) Xu, H.; Zhao, X.; Deng, J.; Fu, Y.; Feng, Y. Tetrahedron Lett.

2009, 50, 434.
(169) Goyot, O.; Gingras, M. Tetrahedron Lett. 2009, 50, 1977.
(170) Vicente, J.; Abad, J. A.; L�opez-Nicol�as, R. M. Tetrahedron Lett.

2005, 46, 5839.
(171) Deng, W.; Zou, Y.; Wang, Y.-F.; Liu, L.; Guo, Q.-X. Synlett

2004, 1254.
(172) Zhang, H.; Cao, W.; Ma, D. Synth. Commun. 2007, 37, 25.
(173) Goriya, Y.; Ramana, C. Tetrahedron 2010, 66, 7642.
(174) Guo, S.; Yuan, Y. Synth. Commun. 2008, 38, 2722.
(175) Basu, B.; Mandal, B.; Das, S.; Kundu, S. Tetrahedron Lett.

2009, 50, 5523.
(176) Prasad, D.; Sekar, G. Synthesis 2010, 79.
(177) Liu, S.; Pestano, J. P. C.; Wolf, C. Synthesis 2007, 22, 3519.

(178) Nau�s, P.; Le�setick�y, L.; Smr�cek, S.; Ti�slerov�a, I.; �Stícha, M.
Synlett 2003, 2117.

(179) Clayden, J.; Senior, J. Synlett 2009, 2769.
(180) Fujihara, H.; Chiu, J. J.; Furukawa, N. J. Am. Chem. Soc. 1988,

110, 1280.
(181) Bagley, M. C.; Dix, M. C.; Fusillo, V. Tetrahedron Lett. 2009,

50, 3661.
(182) Bagley, M. C.; Davis, T.; Dix, M. C.; Fusillo, V.; Pigeaux, M.;

Rokicki, M. J.; Kipling, D. J. Org. Chem. 2009, 74, 8336.
(183) Wu, Y.-J.; He, H. Synlett 2003, 1789.
(184) Lv, X.; Bao, W. J. Org. Chem. 2007, 72, 3863.
(185) Zheng, Y.; Du, X.; Bao, W. Tetrahedron Lett. 2006, 47, 1217.
(186) Herrero, M. T.; SanMartin, R.; Domínguez, E. Tetrahedron

2009, 65, 1500.
(187) Manarin, F.; Roehrs, J. A.; Wilhelm, E. A.; Zeni, G. Eur. J. Org.

Chem. 2008, 4460.
(188) Rout, L.; Saha, P.; Jammi, S.; Punniyamurthy, T. Eur. J. Org.

Chem. 2008, 640.
(189) Buranaprasertsuk, P.; Chang, J. W. W.; Chavasiri, W.; Chan,

P. W. H. Tetrahedron Lett. 2008, 49, 2023.
(190) Sperotto, E.; van Klink, G. P. M.; de Vries, J. G.; van Koten, G.

J. Org. Chem. 2008, 73, 5625.
(191) Zhao, Q.; Li, L.; Fang, Y.; Sun, D.; Li, C. J. Org. Chem. 2009,

74, 459.
(192) Li, Y.; Wang, H.; Li, X.; Chen, T.; Zhao, D. Tetrahedron 2010,

66, 8583.
(193) Jung, N.; Br€ase, S. J. Comb. Chem. 2009, 11, 47.
(194) She, J.; Jiang, Z.; Wang, Y. Tetrahedron Lett. 2009, 50, 593.
(195) Feng, Y.; Li, Y.; Tang, L.; Wu, W.; Xu, H. Tetrahedron Lett.

2010, 51, 2489.
(196) Saha, A.; Saha, D.; Ranu, B. C. Org. Biomol. Chem. 2009, 7,

1652.
(197) Ranu, B. C.; Saha, A.; Jana, R. Adv. Synth. Catal. 2007, 349,

2690.
(198) Gonzalez-Arellano, C.; Luque, R.; Macquarrie, D. J. Chem.

Commun. 2009, 1410.
(199) Rout, L.; Sen, T. K.; Punniyamurthy, T. Angew. Chem., Int. Ed.

2007, 46, 5583.
(200) Reddy, V. P.; Kumar, A. V.; Swapna, K.; Rao, K. R. Org. Lett.

2009, 11, 951.
(201) See, for example: Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc.

1973, 95, 3300.
(202) Reddy, V. P; Swapna, K.; Kumar, A.; Rao, K. Synlett 2009,

2783.
(203) Reddy, V. P.; Kumar, A. V.; Swapna, K.; Rao, K. R. Org. Lett.

2009, 11, 1697.
(204) Murthy, S. N.; Madhav, B.; Reddy, V. P.; Nageswar, Y. V. D.

Eur. J. Org. Chem. 2009, 5902.
(205) Reddy, V. P.; Swapna, K.; Kumar, A. V.; Rao, K. R.Tetrahedron

Lett. 2010, 51, 293.
(206) Costantino, L.; Ferrari, A. M.; Gamberini, M. C.; Rastelli, G.

Bioorg. Med. Chem. 2002, 10, 3923.
(207) Lory, P. M. J.; Agarkov, A.; Gilbertson, S. R. Synlett 2006,

3045.
(208) Bonnet, B.; Soullez, D.; Girault, S.; Maes, L.; Landry, V.;

Davioud-Charvet, E.; Sergheraert, C. Bioorg. Med. Chem. 2000, 8, 95.
(209) Chen, C.; Chen, Y.; Lin, C.; Lin, H.; Lee, C. Chem. Commun.

2010, 46, 282.
(210) Bhadra, S.; Sreedhar, B.; Ranu, B. Adv. Synth. Catal. 2009, 351,

2369.
(211) Singh, D.; Alberto, E. E.; Rodrigues, O. E. D.; Braga, A. L.

Green Chem. 2009, 11, 1521.
(212) Singh, D.; Narayanaperumal, S.; Gul, K.; Godoi, M.;

Rodrigues, O. E. D.; Braga, A. L. Green Chem. 2010, 12, 957.
(213) Taniguchi, N.; Onami, T. J. Org. Chem. 2004, 69, 915.
(214) Taniguchi, N.; Onami, T. Synlett 2003, 829.
(215) Sharma, A.; Schwab, R. S.; Braga, A. L.; Barcellos, T.; Paix~ao,

M. W. Tetrahedron Lett. 2008, 49, 5172.



1634 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

(216) Kumar, S.; Engman, L. J. Org. Chem. 2006, 71, 5400.
(217) Chang, D.; Bao, W. Synlett 2006, 1786.
(218) Wang, Z.; Mo, H.; Bao, W. Synlett 2007, 91.
(219) Firouzabadi, H.; Iranpoor, N.; Gholinejad, M. Adv. Synth.

Catal. 2010, 352, 119.
(220) Firouzabadi, H.; Iranpoor, N.; Abbasi, M. Tetrahedron 2009,

65, 5293.
(221) (a) Ramana, T.; Saha, P.; Das, M.; Punniyamurthy, T. Org.

Lett. 2010, 12, 84. (b) Reddy, V. P.; Kumar, A. V.; Rao, K. R. J. Org. Chem.
2010, 75, 8720.
(222) Chu, L.; Yue, X.; Qing, F. Org. Lett. 2010, 12, 1644.
(223) Taniguchi, N. Synlett 2005, 1687.
(224) Jiang, Y.; Qin, Y.; Xie, S.; Zhang, X.; Dong, J.; Ma, D.Org. Lett.

2009, 11, 5250.
(225) R�abai, J. Synthesis 1989, 523.
(226) Baskin, J. M.; Wang, Z. Org. Lett. 2002, 4, 4423.
(227) Baskin, J. M.; Wang, Z. Tetrahedron Lett. 2002, 43, 8479.
(228) Zhu, W.; Ma, D. J. Org. Chem. 2005, 70, 2696.
(229) Bian, M.; Xu, F.; Ma, C. Synthesis 2007, 19, 2951.
(230) Bao, W.; Wang, C. J. Chem. Res. 2006, 6, 396.
(231) Sawada, N.; Itoha, T.; Yasuda, N. Tetrahedron Lett. 2006, 47,

6595.
(232) Liu, Y.; Bao, W. Tetrahedron Lett. 2007, 48, 4785.
(233) Herradura, P. S.; Pendola, K. A.; Guy, R. K. Org. Lett. 2000, 2,

2019.
(234) Krou�zelka, J.; Linhart, I. Eur. J. Org. Chem. 2009, 6336.
(235) Hickman, R. J. S.; Christie, B. J.; Guy, R. W.; White, T. J. Aust.

J. Chem. 1985, 38, 899.
(236) Wang, L.; Wang, M.; Huang, F. Synlett 2005, 2007.
(237) Taniguchi, N. J. Org. Chem. 2007, 72, 1241.
(238) Taniguchi, N. Synlett 2006, 1351.
(239) Luo, P.;Wang, F.; Li, J.; Tang, R.; Zhong, P. Synthesis 2009, 921.
(240) Alves, D.; Santos, C. G.; Paix~ao, M. W.; Soares, L. C.; Souza,

D. D.; Rodrigues, O. E.; Braga, A. L. Tetrahedron Lett. 2009, 50, 6635.
(241) Braga, A. L.; Barcellos, T.; Paixao, M.W.; Deobald, A. M.; Godoi,

M.; Stefani, H. A.; Cella, R.; Sharma, A. Organometallics 2008, 27, 4009.
(242) Kantam, M. L.; Neelima, B.; Sreedhar, B.; Chakravarti, R.

Synlett 2008, 1455.
(243) Savarin, C.; Srogl, J.; Liebeskind, L. S.Org. Lett. 2002, 4, 4309.
(244) Luo, P.; Yu, M.; Tang, R.; Zhong, P.; Li, J. Tetrahedron Lett.

2009, 50, 1066.
(245) Hatanaka, Y.; Hiyama, T. J. Org. Chem. 1988, 53, 918.
(246) (a) Murru, S.; Mondal, P.; Yella, R.; Patel, B. K. Eur. J. Org.

Chem. 2009, 5406. For intermolecular reaction in the synthesis of
2-aminobenzothiazoles, see: (b) Ding, Q.; He, X.; Wu, J. J. Comb. Chem.
2009, 11, 587. (c) Guo, Y.; Tang, R.; Zhang, P.; Li, J. Tetrahedron. Lett.
2010, 51, 649.
(247) Lv,X.; Liu, Y.;Qian,W.;Bao,W.Adv. Synth.Catal.2008,350, 2507.
(248) Ma, D.; Xie, S.; Xue, P.; Zhang, X.; Dong, J.; Jiang, Y. Angew.

Chem., Int. Ed. 2009, 48, 4222.
(249) Li, C.; Zhang, X.; Tang, R.; Zhong, P.; Li, J. J. Org. Chem. 2010,

75, 7037.
(250) (a) Murru, S.; Ghosh, H.; Sahoo, S. K.; Patel, B. K. Org. Lett.

2009, 11, 4254. See also other Cu-catalyzed procedures for the synthesis
of benzothiazoles: (b) Spatz, J. H.; Bach, T.; Umkehrer, M.; Bardin, J.;
Ross, G.; Burdack, G.; Kolb, J. Tetrahedron. Lett. 2007, 48, 9030. (c)
Evindar, G.; Batey, R. A. J. Org. Chem. 2006, 71, 1802. (d) Jayce, L. L.;
Evindar, G.; Batey, R. A. Chem. Commun. 2004, 446.
(251) You, W.; Yan, X.; Liao, Q.; Xi, C. Org. Lett. 2010, 12, 3930.
(252) Ananikov, V. P.; Hazipov, O. V.; Beletskaya, I. P.Chem. Asian J.

2011, 6, 306.
(253) Ke, F.; Qu, Y.; Jiang, Z.; Li, Z.; Wu, D.; Zhou, X. Org. Lett.

2011, 13, 454.
(254) Gao, Y.; Tang, G.; Cao, Y.; Zhao, Y. Synthesis 2009, 1081.
(255) Fukuzawa, S.; Shimizu, E.; Atsuumi, Y.; Haga, M.; Ogata, K.

Tetrahedron Lett. 2009, 50, 2374.
(256) Zhang, S.; Qian, P.; Zhang,M.; Hu,M.; Cheng, J. J. Org. Chem.

2010, 75, 6732.

(257) Chen, X.; Hao, X.; Goodhue, C. E.; Yu, J. J. Am. Chem. Soc.
2006, 128, 6790.

(258) Ranjit, S.; Duan, Z.; Zhang, P.; Liu, X. Org. Lett. 2010, 12,
4134.

(259) Arisawa, M.; Suzuki, T.; Ishikawa, T.; Yamaguchi, M. J. Am.
Chem. Soc. 2008, 130, 12214.

(260) Nova, A.; Mas-Ballest�e, R.; Ujaque, G.; Gonz�alez-Duarte, P.;
Lled�os, A. Dalton Trans. 2009, 5980.

(261) Ajiki, K.; Hirano, M.; Tanaka, K. Org. Lett. 2005, 7, 4193.
(262) Zhao, X.; Yu, Z.; Yan, S.; Wu, S.; Liu, R.; He, W.; Wang, L.

J. Org. Chem. 2005, 70, 7338.
(263) Wong, Y.-C.; Jayanth, T. T.; Cheng, C.-H. Org. Lett. 2006, 8,

5613.
(264) Correa, A.; Carril, M.; Bolm, C. Angew. Chem., Int. Ed. 2008,

47, 2880.
(265) Wu,W.-Y.; Wang, J.-C.; Tsai, F.-Y.Green Chem. 2009, 11, 326.
(266) Wu, J.; Lin, C.; Lee, C. Chem. Commun. 2009, 4450.
(267) Akkilagunta, V. K.; Reddy, V. P.; Rao, K. R. Synlett 2010, 1260.
(268) Yadav, J.; Reddy, B.; Reddy, Y.; Praneeth, K. Synthesis 2009,

1520.
(269) Fang, X.; Tang, R.; Zhong, P.; Li, J. Synthesis 2009, 4183.
(270) Wang, M.; Ren, K.; Wang, L. Adv. Synth. Catal. 2009, 351,

1586.
(271) Ren, K.; Wang, M.; Liu, P.; Wang, L. Synthesis 2010, 1078.
(272) Buchwald, S. L.; Bolm, C. Angew. Chem., Int. Ed. 2009, 48,

5586.
(273) Marin, G.; Braga, A. L.; Rosa, A. S.; Galetto, F. Z.; Burrow,

R. A.; Gallardo, H.; Paix~ao, M. W. Tetrahedron 2009, 65, 4614.
(274) Tabarelli, G.; Alberto, E. E.; Deobald, A. M.; Marin, G.;

Rodrigues, O. E.; Dornelles, L.; Braga, A. L. Tetrahedron Lett. 2010,
51, 5728.

(275) Narayanaperumal, S.; Alberto, E. E.; de Andrade, F. M.;
Lenard~ao, E. J.; Taube, P. S.; Braga, A. L. Org. Biomol. Chem. 2009, 7,
4647.

(276) Reddy, V. P.; Swapna, K.; Kumar, A. V.; Rao, K. R. J. Org.
Chem. 2009, 74, 3189.

(277) Ren, K.;Wang,M.;Wang, L.Org. Biomol. Chem. 2009, 7, 4858.
(278) Jean, M.; Renault, J.; van de Weghe, P.; Asao, N. Tetrahedron

Lett. 2010, 51, 378.
(279) Reddy, V. P.; Swapna, K.; Kumar, A. V.; Rao, K. R.Tetrahedron

Lett. 2010, 51, 293.
(280) (a) Kataev, E. G.; Petrov, V. N. J. Gen .Chem. USSR (Engl.

Transl.) 1962, 32, 3626. (b) Trofimov, B. A. Curr. Org. Chem. 2002, 6,
11212. (c) Benati, L.; Capella, L.; Montevecchi, P. C.; Spagnolo, P.
J. Chem. Soc., Perkin Trans. 1995, 1035. (d) Benati, L.; Capella, L.;
Montevecchi, P. C.; Spagnolo, P. J. Org. Chem. 1994, 59, 2818. (e)
Trofimov, B. A. Russ. Chem. Rev. 1981, 50, 138. (f) Griesbaum, K.Angew.
Chem., Int. Ed. 1970, 9, 273. (g) Truce, W. E.; Tichenor, G. J. W. J. Org.
Chem. 1972, 37, 2391. (h) Truce, W. E.; Heine, R. F. J. Am. Chem. Soc.
1957, 79, 5311. (i) Potapov, V. A.; Amosova, S. V. Russ. J. Org. Chem.
1996, 32, 1099. (j) Ogawa, A.; Obayashi, R.; Sekiguchi, M.; Masawaki,
T.; Kambe, N.; Sonoda, N. Tetrahedron Lett. 1992, 33, 1329. (k)
Kataoka, T.; Yoshimatsu, M.; Shimizu, H.; Hori, M. Tetrahedron Lett.
1990, 31, 5927. (l) Tsoi, L. A.; Patsaev, A. K.; Ushanov, V. Zh.;
Vyaznikovtsev, L. V. J. Org. Chem. USSR (Engl. Transl.) 1984, 20,
1897. (m) Renard, M.; Hevesi, L. Tetrahedron 1985, 41, 5939. (n)
Kondoh, A. K.; Takami, K.; Yorimitsu, H.; Oshima, K. J. Org. Chem.
2005, 70, 6468.

(281) (a) Silveira, C. C.; Guerra, R. B.; Comasseto, J. V. Tetrahedron
Lett. 2007, 48, 5121. (b) Comasseto, J. V.; Brandt, C. A. Synthesis 1987,
146. (c) Comasseto, J. V. J. Organomet. Chem. 1983, 253, 131.

(282) (a) Yadav, J. S.; Reddy, B. V. S.; Raju, A.; Ravindar, K.; Baishya,
G. Chem. Lett. 2007, 36, 1474. (b) Peppe, C.; de Castro, L. B.; de
Azevedo Mello, M.; do Rego Barros, O. S. Synlett 2008, 1165. (c) Wang,
Z.-L.; Tang, R.-Y.; Luo, P.-S.; Deng, C.-L.; Zhong, P.; Li, J.-H. Tetra-
hedron 2008, 64, 10670. (d) Silva, M. S.; Lara, R. G.; Marczewski, J. M.;
Jacob, R. G.; Lenardao, E. J; Perin, G. Tetrahedron Lett. 2008, 49,
1927.



1635 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

(283) (a) Peppe, C.; Lang, E. S.; Ledesma, G. N.; de Castro, L. B.; do
Rego Barros, O. S.; de AzevedoMello, P. Synlett 2005, 3091. (b) doRego
Barros, O. S.; Lang, E. S.; de Oliveira, C. A. F.; Peppe, C.; Zeni, G.
Tetrahedron Lett. 2002, 43, 7921. (c) Dabdoub, M. J.; Cassol, T. M.;
Batista, A. C. F. Tetrahedron Lett. 1996, 37, 9005. (d) Zeni, G.; Stracke,
M. P.; Nogueira, C. W.; Braga, A. L.; Menezes, P. H.; Stefani, H. A. Org.
Lett. 2004, 6, 1138. (e) Silveira, C. C.; Cella, R.; Vieira, A. S. J. Organomet.
Chem. 2006, 691, 5861. (f) Usugi, S.-I.; Yorimitsu, H.; Shinokubo, H.;
Oshima, K. Org. Lett. 2004, 6, 601.
(284) (a) Ananikov, V. P.; Khemchyan, L. L.; Beletskaya, I. P. Russ. J.

Org. Chem. 2010, 46, 1273.(b) Ananikov, V. P.; Beletskaya, I. P. Chem.
Asain J. 2011, DOI = 10.1002/asia.201000840.
(285) Ishii, A.; Kamon, H.; Murakami, K.; Nakata, N. Eur. J. Org.

Chem. 2010, 1653.
(286) Sugoh, K.; Kuniyasu, H.; Kurosawa, H. Chem. Lett. 2002, 106.
(287) Kuniyasu, H.; Kato, T.; Inoue, M.; Terao, J.; Kambe, N. J.

Organomet. Chem. 2006, 691, 1873.
(288) McDonald, J. W.; Corbin, J. L.; Newton, W. E. Inorg. Chem.

1976, 15, 2056.
(289) Kuniyasu, H.; Ogawa, A.; Sato, K.; Ryu, I.; Kambe, N.; Sonoda,

N. J. Am. Chem. Soc. 1992, 114, 5902.
(290) Kuniyasu, H.; Ogawa, A.; Sato, K.-I.; Ryu, I.; Sonoda, N.

Tetrahedron Lett. 1992, 38, 5525.
(291) Ogawa, A.; Ikeda, T.; Kimura, K.; Hirao, T. J. Am. Chem. Soc.

1999, 121, 5108.
(292) Ozaki, T.; Kotani, M.; Kusano, H.; Nomoto, A.; Ogawa, A.

J. Organomet. Chem. 2011, 696, 450.
(293) Ananikov, V. P.; Malyshev, D. A.; Beletskaya, D. A.;

Aleksandrov, G. G.; Eremenko, I. L. J. Organomet. Chem. 2003, 679, 162.
(294) Ananikov, V. P.; Malyshev, D. A.; Beletskaya, I. P. Russ. J. Org.

Chem. 2002, 38, 1475.
(295) Ananikov, V. P.; Malyshev, D. A.; Beletskaya, I. P.; Aleksan-

drov, G. G.; Eremenko, I. L. Adv. Synth. Catal. 2005, 347, 1993.
(296) Ananikov, V. P.; Gayduk, K. A.; Beletskaya, I. P.; Khrustalev,

V. N.; Antipin, M. Yu. Eur. J. Inorg. Chem. 2009, 1149.
(297) Kamiya, I.; Nishinaka, E.; Ogawa, A. J. Org. Chem. 2005, 70,

696.
(298) Ananikov, V. P.; Zalesskiy, S. S.; Orlov, N. V.; Beletskaya, I. P.

Russ. Chem. Bull., Int. Ed. 2006, 55, 2109.
(299) Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P.Organometallics

2006, 25, 1970.
(300) Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P.Organometallics

2007, 26, 740.
(301) Malyshev, D. A.; Scott, N. M.; Marion, N.; Stevens, E. D.;

Ananikov, V. P.; Beletskaya, I. P.; Nolan, S. P. Organometallics 2006, 25,
4462.
(302) Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P.; Khrustalev,

V. N.; Antipin, M. Yu.; Timofeeva, T. V. J. Am. Chem. Soc. 2007, 129,
7252.
(303) Kondoh, A.; Yorimitsu, H.; Oshima, K. Org. Lett. 2007, 9,

1383.
(304) Miura, T.; Toyoshima, T.; Ito, Y.; Murakami, M. Chem. Lett.

2009, 38, 1174.
(305) Guo, Y.-J.; Tang, R.-Y.; Li, J.-H.; Zhong, P.; Zhang, X.-G. Adv.

Synth. Catal. 2009, 351, 2615.
(306) Ogawa, A.; Takeba, M.; Kawakami, J.-I.; Ryu, I.; Kambe, N.;

Sonoda, N. J. Am. Chem. Soc. 1995, 117, 7564.
(307) Kawakami, J.-I.; Takeba, M.; Kamiya, I.; Sonoda, N.; Ogawa,

A. Tetrahedron 2003, 59, 6559.
(308) Shoai, S.; Bichler, P.; Kang, B.; Buckley, H.; Love, J. A.

Organometallics 2007, 26, 5778.
(309) Kawakami, J.-I.; Mihara, M.; Kamiya, I.; Takeba, M.; Ogawa,

A.; Sonoda, N. Tetrahedron 2003, 59, 3521.
(310) Ogawa, A.; Kawabe, K.-I.; Kawakami, J.-I.; Mihara, M.; Hirao,

T.; Sonoda, N. Organometallics 1998, 17, 3111.
(311) Cao,C.; Fraser, L. R.; Love, J. A. J. Am.Chem. Soc.2005,127, 17614.
(312) Misumi, Y.; Seino, H.; Mizobe, Y. J. Organomet. Chem. 2006,

691, 3157.

(313) Yang, J.; Sabarre, A.; Fraser, L. R.; Patrick, B. O.; Love, J. A.
J. Org. Chem. 2009, 74, 182.

(314) Sabarre, A.; Love, J. Org. Lett. 2008, 10, 3941.
(315) Field, L. D.; Messerle, B. A.; Vuong, K. Q.; Turner, P. Dalton

Trans. 2009, 3599.
(316) Burling, S.; Field, L. D.; Messerle, B. A.; Vuong, K. Q.; Turner,

P. Dalton Trans. 2003, 4181.
(317) Weiss, C. J.; Wobser, S. D.; Marks, T. J. J. Am. Chem. Soc. 2009,

131, 2062.
(318) Weiss, C. J.; Wobser, S. D.; Marks, T. J. Organometallics 2010,

29, 6308.
(319) Weiss, C. J.; Marks, T. J. J. Am. Chem. Soc. 2010, 132, 10533.
(320) Taniguchi, N. Tetrahedron 2009, 65, 2782.
(321) Silveira, C. C.; Mendes, S. R.; Rosa, D. D.; Zeni, G. Synthesis

2009, 4015.
(322) Nishiyama, Y.; Ohnishi, H.; Koguma, Y. Bull. Chem. Soc. Jpn.

2009, 82, 1170.
(323) Usugi, S.-i.; Yorimitsu, H.; Shinokubo, H.; Oshima, K. Org.

Lett. 2004, 6, 601.
(324) Ogawa, A.; Kudo, A.; Hirao, T. Tetrahedron Lett. 1998, 39, 5213.
(325) Ogawa, A.; Kawakami, J.-i.; Sonoda, N.; Hirao, T. J. Org. Chem.

1996, 61, 4161.
(326) Kajitania, M.; Kamiya, I.; Nomoto, A.; Kihara, N.; Ogawa, A.

Tetrahedron 2006, 62, 6355.
(327) (a) Morita, N.; Krause, N. Angew. Chem., Int. Ed. 2006, 45,

1897.Mechanistic theoretical study: (b) Ando, K. J. Org. Chem. 2010, 75,
8516.

(328) Corma, A.; Gonz�alez-Arellano, C.; Iglesias, M.; S�anchez, F.
Appl. Catal., A 2010, 375, 49.

(329) Menggenbateer; Narsireddy, M.; Ferrara, G.; Nishina, N.; Jin,
T.; Yamamoto, Y. Tetrahedron Lett. 2010, 51, 4627.

(330) Ishiyama, T.; Nishijima, K.; Miyaura, N.; Suzuki, A. J. Am.
Chem. Soc. 1993, 115, 7219.

(331) Han, L.-B.; Tanaka, M. Chem. Lett. 1999, 863.
(332) Han, L.-B.; Choi, N.; Tanaka, M. J. Am. Chem. Soc. 1996, 118,

7000.
(333) Han, L.-B.; Tanaka, M. J. Am. Chem. Soc. 1998, 120, 8249.
(334) Ogawa, A.; Kuniyasu, H.; Takeba, M.; Ikeda, T.; Sonoda, N.;

Hirao, T. J. Organomet. Chem. 1998, 564, 1.
(335) Kamiya, I.; Kawakami, J.-i.; Yano, S.; Nomoto, A.; Ogawa, A.

Organometallics 2006, 25, 3562.
(336) Wang, M.; Cheng, L.; Wu, Z. Dalton Trans. 2008, 3879.
(337) Zheng, W.; Ariafard, A.; Lin, Z. Organometallics 2008, 27,

246.
(338) Mitamura, T.; Ogawa, A. Tetrahedron Lett. 2010, 51, 3538.
(339) Knapton, D. J.; Meyer, T. Y. J. Org. Chem. 2005, 70, 785.
(340) Knapton, D. J.; Meyer, T. Y. Org. Lett. 2004, 6, 687.
(341) Kuniyasu, H.; Kambe, N. Chem. Lett. 2006, 35, 1320.
(342) Yamashita, F.; Kuniyasu, H.; Terao, J.; Kambe, N. Org. Lett.

2008, 10, 101.
(343) Hirai, T.; Kuniyasu, H.; Asano, S.; Terao, J.; Kambe, N. Synlett

2005, 1161.
(344) Hirai, T.; Kuniyasu, H.; Kambe, N.Chem. Lett. 2004, 33, 1148.
(345) Hirai, T.; Kuniyasu, H.; Kambe, N. Tetrahedron Lett. 2005, 46,

117.
(346) Minami, Y.; Kuniyasu, H.; Sanagawa, A.; Kambe, N. Org. Lett.

2010, 12, 3744.
(347) Toyofuku, M.; Murase, E.; Fujiwara, S.-i.; Shin-ike, T.; Ku-

niyasu, H.; Kambe, N. Org. Lett. 2008, 10, 3957.
(348) Zhao, C.-Q.; Li, J.-L.; Meng, J.-B.; Wang, Y.-M. J. Org. Chem.

1998, 63, 4170.
(349) Han, L.-B.; Choi, N.; Tanaka, M. J. Am. Chem. Soc. 1997, 119,

1795.
(350) Comasseto, J. V.; Ling, L. W.; Petragnani, N.; Stefani, H. A.

Synthesis 1997, 373.
(351) (a) Kataeva, L. M.; Kataev, E. G.; Idiyatullina, D. Ya. J. Struct.

Chem. (USSR) 1966, 7, 380. (b) Heiba, E.-A. I.; Dessau, R. M. J. Org.
Chem. 1967, 32, 3837. (c) Benati, L.; Montevecchi, P. C.; Spagnolo, P.



1636 dx.doi.org/10.1021/cr100347k |Chem. Rev. 2011, 111, 1596–1636

Chemical Reviews REVIEW

J. Chem. Soc., Perkin Trans. 1 1991, 2103. (d) Johannsen, I.; Henriksen,
L.; Eggert, H. J. Org. Chem. 1986, 51, 1657. (e) Back, T. G.; Krishna,
M. V. J. Org. Chem. 1988, 53, 2533. (f) Ogawa, A.; Yokoyama, H.;
Yokoyama, K.; Masawaki, T.; Kambe, N.; Sonoda, N. J. Org. Chem. 1991,
56, 5721. (g) Ogawa, A.; Takami, N.; Sekiguchi, M.; Yokoyama, H.;
Kuniyasu, H.; Ryu, I.; Sonoda, N. Chem. Lett. 1991, 2241. (h) Potapov,
V. A.; Amosova, S. V.; Starkova, A. A.; Zhnikin, A. R.; Doron’kina, I. V.;
Beletskaya, I. P.; Hevesi, L. Sulf. Lett. 2000, 23, 229.
(352) (a) Moro, A. V.; Nogueira, C. W.; Barbosa, N. B. V.; Menezes,

P. H.; da Rocha, J. B. T.; Zeni, G. J. Org. Chem. 2005, 70, 5257. (b) Zeni,
G.; Stracke, M. P.; Nogueira, C.W.; Braga, A. L.; Menezes, P. H.; Stefani,
H. A. Org. Lett. 2004, 6, 1135. (c) Potapov, V. A.; Amosova, S. V.;
Belozerova, O. V.; Yarosh, O. G.; Gendin,M. G.; Voronkov,M. G. J. Gen.
Chem. 2003, 73, 1158. (d) Silveira, C. C.; Santos, P. C. S.; Mendes, S. R.;
Braga, A. L. J. Organomet. Chem. 2008, 693, 3787.
(353) Kuniyasu, H.; Ogawa, A.; Miyazaki, S.; Ryu, I.; Kambe, N.;

Sonoda, N. J. Am. Chem. Soc. 1991, 113, 9796.
(354) Ogawa, A.; Kuniyasu, H.; Sonoda, N.; Hirao, T. J. Org. Chem.

1997, 62, 8361.
(355) Kuniyasu, H.; Yamashita, F.; Terao, J.; Kambe, N. Angew.

Chem., Int. Ed. 2007, 46, 5929.
(356) Kuniyasu, H.; Takekawa, K.; Yamashita, F.; Miyafuji, K.;

Asano, S.; Takai, Y.; Ohtaka, A.; Tanaka, A.; Sugoh, K.; Kurosawa, H.;
Kambe, N. Organometallics 2008, 27, 4788.
(357) Wang,M.; Cheng, L.; Wang, J.; Wu, Z. J. Comput. Chem. 2011,

DOI = 10.1002/jcc.21700
(358) Ananikov, V. P.; Beletskaya, I. P.; Aleksandrov, G. G.;

Eremenko, I. L. Organometallics 2003, 22, 1414.
(359) Ananikov, V. P.; Kabeshov, M. A.; Beletskaya, I. P.; Aleksandrov,

G. G.; Eremenko, I. L. J. Organomet. Chem. 2003, 687, 451.
(360) Ananikov, V. P.; Kabeshov, M. A.; Beletskaya, I. P.Dokl. Chem.

2003, 390, 112.
(361) Ananikov, V. P.; Beletskaya, I. P. Dokl. Chem. 2003, 389, 81.
(362) Ananikov, V. P.; Kabeshov, M. A.; Beletskaya, I. P. Synlett

2005, 1015.
(363) Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P. Russ. Chem.

Bull., Int. Ed. 2005, 54, 576.
(364) Ananikov, V. P.; Beletskaya, I. P. Org. Biomol. Chem. 2004, 2,

284.
(365) Ananikov, V. P.; Beletskaya, I. P. Russ. Chem. Bull., Int. Ed.

2008, 57, 754.
(366) Cai, M.; Wang, Y.; Hao, W. Green Chem. 2007, 9, 1180.
(367) Yamashita, F.; Kuniyasu, H.; Terao, J.; Kambe, N. Inorg. Chem.

2006, 45, 1399.
(368) Ananikov, V. P.; Kabeshov,M. A.; Beletskaya, I. P.; Khrustalev,

V. N.; Antipin, M. Yu. Organometallics 2005, 24, 1275.
(369) Gareau, Y.; Orellana, A. Synlett 1997, 803.
(370) Gareau, Y.; Tremblay, M.; Gauvreau, D.; Juteau, H. Tetrahe-

dron 2001, 57, 5739.
(371) Ananikov, V. P.; Gayduk, K. A.; Beletskaya, I. P.; Khrustalev,

V. N.; Antipin, M. Yu. Chem.—Eur. J. 2008, 14, 2420.
(372) Ananikov, V. P.; Gayduk, K. A.; Orlov, N. V.; Beletskaya, I. P.;

Khrustalev, V. N.; Antipin, M. Yu. Chem.—Eur. J. 2010, 16, 2063.
(373) Ananikov, V. P.; Orlov, N. V.; Kabeshov, M. A.; Beletskaya,

I. P.; Starikova, Z. A. Organometallics 2008, 27, 4056.
(374) Arisawa, M.; Fujimoto, K.; Morinaka, S.; Yamaguchi, M. J. Am.

Chem. Soc. 2005, 127, 12226.
(375) (a) Arisawa, M.; Suwa, K.; Yamaguchi, M. Org. Lett. 2009, 11,

625. (b) Arisawa,M.; Kubota, T.; Yamaguchi, M.Tetrahedron Lett. 2008,
49, 1975. (c) Arisawa, M.; Tagami, Y.; Yamaguchi, M. Tetrahedron Lett.
2008, 49, 1593.
(376) Arisawa, M.; Kozuki, Y.; Yamaguchi, M. J. Org. Chem. 2003,

68, 8964.
(377) Arisawa, M.; Yamaguchi, M. Org. Lett. 2001, 3, 763.
(378) Kamiya, I.; Nishinaka, E.; Ogawa, A. Tetrahedron Lett. 2005,

46, 3649.
(379) Wang, M.; Cheng, L.; Hong, B.; Wu, Z.Organometallics 2009,

28, 1506.

(380) Arisawa, M.; Suwa, A.; Fujimoto, K.; Yamaguchi, M. Adv.
Synth. Catal. 2003, 345, 560.

(381) Heck, R. F.; Negishi, E.-i.; Suzuki, A. The Nobel Prize in
Chemistry 2010 “for palladium-catalyzed cross couplings in organic
synthesis” (http://www.nobelprize.org).

(382) Ananikov, V. P.; Beletskaya, I. P.Nanotechnol. Russ. 2010, 5, 1.
(383) Phan, N. T. S.; Sluys, M. V. D.; Jones, C. W. Adv. Synth. Catal.

2006, 348, 609.
(384) Yi, J.; Fu, Y.; Xiao, B.; Cui, W.; Guo, Q.Tetrahedron Lett. 2011,

52, 205.
(385) Lee, P. H.; Park, Y.; Park, S.; Lee, E.; Kim, S. J. Org. Chem.

2011, 76, 760.
(386) Fan, X.; He, Y.; Wang, Y.; Xue, Z.; Zhang, X.; Wang, J.

Tetrahedron Lett. 2011, 52, 899.
(387) Ma, D.; Lu, X.; Shi, L.; Zhang, H.; Jiang, Y.; Liu, X. Angew.

Chem. Int. Ed. 2011, 50, 1118.
(388) Kaname,M.;Minoura, M.; Sashida, H.Tetrahedron Lett. 2011,

52, 505.
(389) Kov�acs, S.; Nov�ak, Z. Org. Biomol. Chem. 2011, 9, 711.
(390) Huang, Y.; Yang, C.; Yi, J.; Deng, X.; Fu, Y.; Liu, L. J. Org.

Chem. 2011, 76, 800.
(391) Ho, D. K.; Chan, L.; Hooper, A.; Brennan, P. E. Tetrahedron

Lett. 2011, 52, 820.

NOTE ADDED IN PROOF

During preparation of the present article for publication, new
studies have appeared dealing with usage of sodium thiosulfate as a
mercapto surrogate in Pd-catalyzed reactions.384 Pd-catalyzed C-S
cross-coupling with indium tri(organothiolates),385 Fe- catalyzed386

and Cu-catalyzed387 synthesis of benzothiazoles, Cu-catalyzed pre-
paration of benzoselenazoles,388 Cu/Fe-catalyzed coupling of aryl
thiols and aryl iodides,389 Cu-catalyzed coupling reaction using
resin-bound organic bases,390 and utilization of Cu catalysis in the
synthesis of sulfonamides.391


