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Abstract

The progress of transition metal-catalyzed carbochalcogenation
of alkynes, which can be performed by using readily available
catalysts, is reviewed. It has been proposed that stereo- and re-
gioselective insertion of alkynes into the metal complexes is in-
volved in the catalytic cycles. These reactions clearly demon-
strate the synthetic versatility of organochalcogen compounds
in transition metal-catalyzed reactions.

� Introduction

Building desired compounds by introducing functional
groups at will has been one of the most challenging topics in
chemistry. Development of new reaction systems, selection of
reagents, solvents, catalysts, and reaction conditions are critical
to achieve this goal. Simultaneous introduction of carbon and
heteroatom moieties to C–C unsaturated compounds with the
aid of transition-metal complexes has provided such sophisticat-
ed methodologies; carbosilylation and carbostannylation have
been among the most important examples.1,2 Here, we review
the development of transition metal-catalyzed carbochalcogena-
tion of alkynes, which provides convenient methods for the si-
multaneous introduction of carbon and sulfur (or selenium) func-
tional groups to C–C triple bonds.3,4 Carbothiolation,5 carbosele-
nation,6 and carbotelluration7 under radical conditions and reac-
tions employing stoichiometric amounts of a CuI salt8 are
beyond the scope of this review; other X–S and X–Se bond ac-
tivations (X: non-carbon element or group) by transition-metal
catalysts have already been reviewed elsewhere.9

� General Concept

Scheme 1 shows a representative reaction route of transition
metal-catalyzed carbochalcogenation of alkynes, which includes
(1) generation of a metal complex with a C–M–Y (C: carbon
functional group, Y : chalcogen functional group) unit through
the reaction of a C–Y bond with a low-valent metal complex
M, (2) incorporation of an alkyne into either C–M or M–Y bond
to give a vinyl metal complex, and (3) vinyl-Y or vinyl-C bond-
forming reductive elimination of the product with regeneration
of a metal catalyst. Some reactions can be accompanied by
carbonylation, decarbonylation, transmetalation, and so on
during the process. In this highlight review, the reactions are
classified by the metal of the catalysts.

� Pd-catalyzed Carbochalcogenation

In 1991, two papers describing Pd-catalyzed carbochalcoge-

nation were reported. To our knowledge, these are the first exam-
ples of transition metal-catalyzed carbochalcogenation of C–C
unsaturated compounds. Ando et al. showed that the reaction
of episulfide 1 with DMAD in the presence of Pd(PPh3)4 gave
a mixture of 2 and 3, albeit in low yield (Scheme 2).10 When
the Pd-catalyzed addition of diphenyl disulfide (4a) to 1-octyne
to afford (Z)-1,2-bis(phenylthio)-1-octene was performed under
pressurized CO (60 kg/cm2), regio- and stereo-selective thiocar-
bonylthiolation, simultaneous introduction of PhSC(O) and PhS
groups, took place to afford Z-5a in 84% yield (Scheme 3).11 Not
only Pd(PPh3)4 but also Pd(PPh3)2Cl2, which did not exhibit any
catalytic activity for the simple addition of 4a to alkynes, can be
used as the catalyst. Selenocarbonylselenation was also achieved
using diaryl diselenide 4b to give 5b in 89% yield with high
Z-selectivity. In the mechanism, successive insertion of an al-
kyne and CO into the Y–Pd bond of Pd(YAr)2 (6, PPh3 omitted)
to afford acyl palladium 8 via vinyl palladium 7 is conceivable
(path A of Scheme 4). An alternative is the insertion of CO into
the Y–Pd bond of 6 to yield 9, into which the alkyne is inserted to
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afford 8 or 10. The subsequent reductive elimination of 5 regen-
erates the Pd0-complex (path B).

A recent study involving the stoichiometric reaction of 5c
with Pt(PPh3)2(C2H4) demonstrated that acyl platinum 11 was
produced in 93% yield after 20min at room temperature
(Scheme 5).12 The structure of 11, which was determined by
X-ray crystallographic analysis, has a cis-�-SAr unit intramolec-
ularly coordinated to the Pt center, and its five-membered ring is
almost coplanar with the PtII square plane (Figure 1). It became
evident that decarbonylation to afford vinyl platinum 12a and
12b (dimeric form of 12a) was facilitated by the cis-�-SAr co-
ordination. The cis-�-SAr moiety also promoted catalytic decar-
bonylation. While decarbonylation using Pd(PPh3)4 as a catalyst
yielded 13a quantitatively, decarbonylation of thioester 5d,
which does not have a cis-�-SAr, did not take place even with
prolonged reaction times (Scheme 6). Based on microscopic
reversibility,13 the formation of 8 in path A of Scheme 4 can
be facilitated by a similar cis-�-SAr moiety. Considering that
insertions of isocyanide and CO into the S–Pd bond of Pd(SAr)2
eventually afford 14 and 15 in the Pd-catalyzed reaction of

(ArS)2 with isocyanide14 and azathiolation of CO with sulfen-
amide (R2NSAr, 16) (Scheme 7),15 path B in Scheme 4 cannot
be completely ruled out.

The reactions using propargyl and homopropargyl alcohols
(17) provided lactones 18 in moderate yields (Scheme 8).16

Tanaka and co-workers revealed that the reaction of a termi-
nal alkyne with a thiocarbonate, MeOC(O)(SPh) (19) in the pres-
ence of Pd(PCy3)2 as a catalyst furnished compound 20, the
product of methoxycarbonylthiolation.17 Again, the PhS group
is introduced at the internal position together with cis-C(O)OMe
at the terminal carbon (Scheme 9). The oxidative addition of 19
to Pd(PCy3)2 was confirmed to give Pd(SPh)(CO2Me)(PCy3)2,
which reacted with 1-octyne to afford 20. No clear information
about a possible vinyl palladium intermediate was provided
in the paper, implying that reductive elimination was faster than
insertion of the alkyne into the Pd–S bond.18

Meyer and Knapton disclosed carbamoylselenation using
Me2NSPh (16a), (PhSe)2 (4c) and CO as reagents with
Pd(PPh3)4 as a catalyst (Scheme 10).19 As to the mechanism,
there were more than one reaction route for the formation of
21a. They included the reaction of acyl palladium 8 with 16
and the reaction of 5 with 16. The authors proposed that the in-
tramolecular coordination of selenium to Pd to form 22 or 23, the
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latter of which is related to complex 11 in Scheme 5, facilitated
the insertion of CO. Although the reaction of thiocarbamate 15a
with alkynes produced 21a, which is a carbamoylthiolation prod-
uct, the yield was low (Scheme 11). On the other hand, carba-
moylthiolation was more efficiently achieved by utilizing Et2N-
SAr (Ar = 2,4,5-tri-Cl-C6H2) (16b) and CO as the reagents and
Pd(PPh3)2Cl2/PPh3/n-Bu4NCl as a catalyst system to produce
the corresponding 21 in good yield with high Z-selectivity
(Scheme 12).20 Because the formation of a C–Cl bond by reduc-
tive elimination from complex 24 may not be thermodynamical-
ly favored, 21 was selectively afforded. �-Bond metathesis
between the N–S bond of 16b and the C–Pd bond of 24 was
proposed as a crucial step in the catalytic cycle (Scheme 13).

A similar �-bond metathesis utilizing the unique polarity of
N��–S�þ of sulfenamide was also proposed in the palladium-cat-
alyzed azathiolation of carbon monoxide.15 Furthermore, intra-
molecular carbamoylselenation and carbamoylthiolation of al-
kynes to yield exomethylene lactams 25 took place successfully

with Pd(PPh3)4 as a catalyst (Scheme 14).21 Internal alkynes
(R ¼ Et), which are generally not very active as a substrate for
transition metal-catalyzed X–S bond addition to alkynes,9 and
selenoester (Z = CMe2) also underwent the reaction. Palladacy-
cle 26 was proposed as a probable intermediate.

Yamamoto and co-workers reported that PdI2 catalyzed the
intermolecular carbothiolation of thioacetals 27 to furnish 28
(Scheme 15).22 The formation of cationic species 29 was pro-
posed based on NMR and computational studies. The formation
of a C–S bond via reductive elimination from PdIV complex 30
gives 28 with the regeneration of PdI2. It must be noted that car-
bon and sulfur functional groups are introduced across the triple
bond in a trans fashion with each other.

It was also disclosed that Pd0 complex catalyzed the cyano-
thiolation of terminal alkynes using NCSPh (31) as a reagent
to form 32 (Scheme 16).23 A probable intermediate trans-
Pd(SPh)(CN)(PPh3)2 formed by the oxidative addition of 31 to
Pd(PPh3)4 was isolated and the structure was determined by
X-ray crystallographic analysis.
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� Rh-catalyzed Carbothiolation

Ogawa and co-workers also reported that formylthiolation
of terminal alkynes, which is the simultaneous introduction of
C(O)H and ArS and considered to be the counterpart of silylfor-
mylation,1h–1m was catalyzed by a Rh-complex (Scheme 17).24

The regio- and stereochemistry are both complementary to radi-
cal formylthiolation (Scheme 18).25

� Pt-catalyzed Carbochalcogenation

Based on catalytic and stoichiometric investigations con-
cerning the reactivities of thiolato ligands of PdII and PtII com-
plexes,11,14,26 it was demonstrated that the direction of C–S
bond-forming reductive elimination and its reverse oxidative ad-
dition can be controlled by simply changing the metal from Pd to
Pt (Scheme 19).27 That is, the C–S bond formation tends to be
thermodynamically prevented even if the same combination of
ligands is employed.

This contrastive reactivity led us to find a simple reaction
strategy for the Pt-catalyzed carbothiolation of alkynes
(Scheme 20). When the reagents used for C–S bond-forming
cross-coupling reaction were subjected to a Pt-catalyst in the
presence of a terminal alkyne, intermediate 33 with a C–Pt–S
fragment resisted C–S bond-forming reductive elimination and
underwent cis-insertion of an alkyne into the S–Pt bond to afford
vinyl platinum 34. Eventual vinyl-C bond-forming reductive
elimination of 35 reproduces the Pt0-complex. For example,
when the Pd-catalyzed decarbonylation of PhC(O)SPh28 was
performed employing Pt(PPh3)4 as a catalyst precursor in the
presence of 1-octyne, the arylthiolation product 35a was selec-
tively produced in 77% yield (Scheme 21).29a It must be noted
that thioether PhSPh 36a was not produced from this reaction.
According to the present strategy, the Pt-catalyzed regio- and
stereoselective 2- and 3-thienylthiolation,29b 2- and 3-furylthio-

lation,29c and even arylselenation29d of terminal alkyne can be re-
alized using the corresponding thioesters and selenoesters as the
reaction substrates (Scheme 21). From the NMR spectrum of the
reaction of Pt(SC6H4Br-p)(Ph)(PPh3)2 (37a) with 1-octyne, the
formations of 35g and alkyne-coordinated Pt(RCCH)(PPh3)2
were confirmed in 65 and 62% yields, respectively (Scheme
22). The vinyl platinum complex was not detected during the
course of the reaction, again suggesting that reductive elimina-
tion took place faster than the insertion of the alkyne into the
S–Pt bond. It should be noted that the Pt-catalyzed reaction of
HCCC6H4OMe-4 (38) with 4-MeOC6H4C(O)SePh (39) under
CO (10 kg/cm2) yielded the aroylselenation product 40 in 42%
yield (Scheme 23).

The PtII-intermediate with a C–Pt–S fragment can be gener-
ated through alternative routes, such as the oxidative addition of
ArI to Pt0 and following transmetalation with Ar0SK.

In contrast to the reactions using arylthioesters as the
coupling partner (Scheme 21), direct cross-coupling also occurs
between PhI and PhSK to afford thioether 36 (Scheme 24). The
formation of 36 was strongly dependent on the species of al-
kynes; the reaction of 1-octyne with PhI and PhSK produced
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the arylthiolation products 35a and 36a in 83 and 3% yields,
respectively, while the reaction using phenylacetylene afforded
35h and 36a in 30 and 66% yields, respectively.29f From a sim-
ilar pyridylthiolation, 36b was produced in 14% yield together
with 78% yield of 35i, while 2-thienylthiolation selectively
produced 35b in high yield.29e,29f Mechanistic investigations
suggested that direct C–S bond-forming reductive elimination
from Pt(SAr)(Ar0)(PPh3)2 (37) was not involved, and ArS–Ar0

(36) was formed from the ArS ligand in complex 37 and
free Ar0I. These facts may demonstrate that �-bond metathesis
between the S–Pt bond of 37 and the Ar0–I bond through an
intermediate like 41, where alkyne assists in some way, is par-
ticipated (Scheme 25). However, considering the fact that C–S
bond formation of MeSMe took place from the PtIV complex,
generated by the oxidative addition of MeI to [Pt(SMe)-
(PMe2Ph)(�-SMe)]2,

30 reductive elimination from a PtIV com-
plex, such as 42 formed by the oxidative addition of Ar0–I to
37, cannot be fully precluded. That is, the trans C–Pt–S geome-
try of the complex 37 can be retained during the oxidative
addition of Ar0–I and reductive elimination of ArSAr0 sequence.
The product of arylthiolation of terminal alkyne 35j reacts with
Grignard reagent in the presence of a Pd-catalyst to give 43
(Scheme 26), enabling the introduction of two Ar groups
into an alkyne by Pt-catalyzed carbothiolation and subsequent
Pd-catalyzed cross-coupling reaction.

Nakamura, Yamamoto, and co-worker reported that PtCl2
or AuCln (n ¼ 1 or 2) catalyzed intramolecular carbothiolation
of alkyne 44 took place smoothly in toluene at 25 �C to give
the compound 45 in good yields (Scheme 27).31 The authors
proposed the nucleophilic attack of the sulfur atom of 44 to
the C–C triple bond activated by the catalyst. It should be noted

that the carbon and sulfur functional groups were added to the
intramolecular C–C triple bond in a trans-fashion.

In summary, the studies described herein demonstrate
the utility of transition metal-catalyzed carbochalcogenation
of alkynes, which can be performed by using readily available
catalysts, such as M(PPh3)4 and MXn (M ¼ Pd and Pt). Organo-
chalcogen compounds were once regarded as catalytic poisons;
however, these reactions clearly showed that chalcogenides are
actually quite active in a variety of transition metal-catalyzed
reactions.
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