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a b s t r a c t

Highly regio- and stereoselective dimerization of terminal acetylenes occurs in the presence of
[PdCl2(IPr)(3-chloropyridine)], other members of the family of PEPPSI precatalysts and the structurally
related N-heterocyclic carbene palladium dimers, i.e. [{Pd(meCl)Cl(IPr)}2] and [{Pd(meOH)Cl(IPr)}2]
(IPr¼ 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). The reaction leads to exclusive formation of E-
isomer of head to head dimerization product. [{Pd(meOH)Cl(IPr)}2] catalyzes dimerization of a broad
spectrum of aryl- and silylacetylenes at room temperature and is able to act in base-free conditions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

1 The catalytic dimerization of terminal acetylenes is an
attractive method for the preparation of disubstituted 1,3-enynes
(Scheme 1) [1]. Conjugated enynes are of great importance in
organic synthesis [2], medicinal chemistry [3] andmaterial sciences
[4]. In general, catalytic alkyne dimerization produces a mixture of
regio- or stereoisomeric enyne products (Scheme 1) [1]. In some
systems formation of disubstituted buta-1,2,3-trienes has been also
observed [1a,5].

A variety of catalytic systems using various transition metals [4],
main group elements [6] and lanthanides [7] have been reported
over the past few decades. However, there is a limited number of
systems enabling nearly exclusive formation (selectivity exceeding
99%) of single isomers I [4c,8], II [7d-f,9] or III [10] (Scheme 1).
Therefore, the search for new active systems permitting fully se-
lective formation of single isomers for a wide range of acetylenes at
the highest possible catalytic activity is highly desirable.

Within the catalytic systems based on transition metals,
numerous palladium complexes have been found to promote
dimerization of terminal acetylenes with relatively high activity
k).
and selectivity. Palladium based catalytic systems have been re-
ported to enable efficient synthesis of both head to head [1,8i,11]
and head to tail dimers [1,12]. Pd-catalyzed head to head dimer-
ization of terminal alkynes usually leads to mixtures of stereoiso-
meric 1,4-disubstituted enynes (I and II, Scheme 1).

The use of N-heterocyclic carbene complexes contributed to
further progress in catalysis of the reaction. In 2001 Herrmann
reported that diiodo(triphenylphosphine){1,3-di[(R)-1-
phenylethyl]imidazol-2-ylidene}palladium(II) are able to catalyze
dimerization of phenylacetylene [13]. Nolan has used Pd(OAc)2 in
combination with different imidazolium chlorides in dimerization
of high range of terminal aryl- and aliphatic terminal alkynes and
shown the dependence of selectivity on steric bulk of NHC pre-
cursors used. In the catalytic system Pd(OAc)2/imidazolium chlo-
ride/Cs2CO3, significant selectivity toward isomer trans of head to
head dimerization product was observed when precursors of steric
IMes (IMes¼ 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) or
IPr (IPr¼ 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene) li-
gands were used [14]. The catalytic system Pd(OAc)2/SIMes∙HCl/
Cs2CO3 permits E-selective head to head polyaddition of 2,7-
diethynyl-9,9-dioctylfluorene [4c]. Gevorgyan has proposed high-
ly regio- and stereoselective palladium-catalyzed head-to-head
dimerization reactions of a high variety of terminal acetylenes. The
use of palladium complex [Pd(IPr)2] in the presence of electron-rich

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:pietrasz@amu.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2017.12.041&domain=pdf
www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem
https://doi.org/10.1016/j.jorganchem.2017.12.041
https://doi.org/10.1016/j.jorganchem.2017.12.041
https://doi.org/10.1016/j.jorganchem.2017.12.041


Scheme 1. Dimerization of terminal alkynes.

Scheme 2. Dimerization of 4-tolylacetylene.
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and bulky phosphine TDMPP (TDMPP¼ P[(2,6-OMe)2C6H3]3)
permitted dimerization of terminal acetylenes leading to exclusive
formation of E-isomers of head to head dimers. This reaction has
been demonstrated via PDF calculations to proceed via hydro-
palladation pathway [8e]. Analogous selectivity has been observed
by using a number of N-heterocyclic carbene palladium complexes
[15]. Recently, Nechaev has shown that cinnamyl palladium chlo-
ride complex [PdCl(cinnamyl)(SIPr)] [where SIPr¼ 1,3-bis(2,6-
diisopropylphenyl)-(4,5-dihydroimidazol-2-ylidene)], used in the
presence of KOH as a base, permitted efficient, regio- and stereo-
selective dimerization of terminal arylalkynes under mild condi-
tions [8c].

In 2005, Organ described a structurally defined group of
[PdCl2(NHC)(pyridine)] complexes, the so-called PEPPSI pre-
catalysts (Pyridine-Enhanced Precatalyst Preparation Stabilization
and Initiation) [16]. These precatalysts exhibit attractive catalytic
properties in a number of coupling processes [17]. Despite
numerous literature reports regarding the activity of palladium
complexes of the PEPPSI type in a number of C-C bond forming
reactions, there are no reports on their use in the dimerization of
terminal acetylenes.

Herein we report on the high catalytic activity of a series of
PEPPSI precatalysts (1e6, Fig. 1) and relative dimeric chloro- and
hydroxo-bridged complexes (7 and 8, Fig. 1) in homo-dimerization
of aryl- and silylacetylenes. We provide convenient procedures of
efficient, regio- and stereoselective synthesis of E-1,4-disubstituted
but-1-en-3-ynes.
2. Results and discussion

As a model reaction, we have chosen homo-dimerization of 4-
tolylacetylene, a reagent widely tested in the study of this reac-
tion, which makes it possible to compare the results obtained with
literature data. The reactant has a relatively high boiling point,
Fig. 1. PEPPSI precatalysts and related dimeric comple
which allows the reaction to be studied over a wide temperature
range, while the presence of methyl groups permits a convenient
analysis of the reaction mixture by 1H NMR spectroscopy. Treat-
ment of 4-tolylacetylene with 5mol% of PEPPSI-IPr (1) at 75 �C for
24 h does not lead to any transformation. The addition of the one
equivalent of KOtBu (with respect to the catalyst) led only to a trace
conversion. In the presence of 4 equiv. of KOtBu an immediate
change in color from yellow to orange and then brown was
observed and the GC analysis of the reaction mixture performed
after one hour of the reaction course indicated complete conversion
of the reagent and formation of a single product, which was af-
terwards identified by 1H NMR spectroscopy as (E)-1,4-bis(4-
methylphenyl)-but-1-en-3-yne (Scheme 2).

A similar efficient course of the reactionwas also observed in the
presence of an excess of other bases. Optimization experiments
permitted specification of conditions of effective and selective
course of the reaction (Table 1).

Complete conversion was observed when the reaction was
performed in toluene at 60 �C for 1 h by using 1mol% of complex 1
and the presence of four equivalents of KOtBu relative to the cata-
lyst. From among all bases tested the highest yields were achieved
in the presence of KOtBu and Cs2CO3. Efficient conversion requires
the presence of a fourfold molar excess of the base in relation to
complex 1. The reaction must be performed in an inert atmosphere
as otherwise competitive oxidative coupling of acetylenes is
observed. It has been found that the use of non-dried toluene
promotes the course of the reaction. The addition of 10 mL of water
to dry and degassed toluene (2mL) enabled practically quantitative
yields at the loading of complex 1 reduced down to 0.5mol%
(Table 1, entry 14). Because in the presence of water, KOtBu un-
dergoes hydrolysis, another test another test was carried out, in
which KOH was used instead of KOtBu. Also in this case, the
quantitative yield of the product was observed (entry 15). The ef-
ficiency of the process in the presence of water can be explained by
the improved solubility of KOH in the reaction medium. Perfor-
mance of the reaction in such solvents as hexane or THF enables
high conversion, but the reaction leads to mixtures of isomers
xes tested in dimerization of terminal acetylenes.



Table 1
Dimerization of 4-tolylacetylene in the presence of PEPPSI-IPr (1). Optimization of the reaction conditions.

Entry Solvent/T [�C] Cat.1 [mol%] Base ([Pd]/[base]) Time [h] Conv. [%]a E/Z/gemb

1 toluene/75 5 e 24 0 -
2 toluene/75 5 KOtBu (1/1) 24 <5 E
3 toluene/75 5 KOtBu (1/2) 24 55 E
4 toluene/75 5 KOtBu (1/3) 1 93 E
5 toluene/75 5 KOtBu (1/4) 1 >99 E
6 toluene/75 5 Cs2CO3 (1/4) 24 99 E
7 toluene/75 5 K2CO3 (1/4) 24 80 E
8 toluene/75 5 AgOAc (1/4) 24 52 74/0/26
9 toluene/75 5 KOH (1/4) 6 82 E
10 toluene/60 5 KOtBu (1/4) 1 >99 E
11 toluene/45 5 KOtBu (1/4) 1 >80 E
12 toluene/60 1 KOtBu (1/4) 1 >99 E
13 toluene/60 0.5 KOtBu (1/4) 6 92 96/0/4
14 toluene/60 0.5 KOtBu (1/4) 1 >99c E
15 toluene/60 0.5 KOH (1/4) 1 >99c E
16 toluene/60 0.1 KOtBu (1/10) 24 70 95/0/5
17 hexane/60 0.5 KOtBu (1/4) 6 89 92/0/8
18 THF/60 0.5 KOtBu (1/4) 6 94 78/0/12
19 EtOH/60 0.5 KOH (1/4) 1 93 E
20 EtOH/60 0.5 KOH (1/4) 1 >99c E
21 EtOH/60 0.25 KOH (1/4) 24 57 E
22 EtOH/22 0.5 KOH (1/4) 24 54 E

Reaction conditions: solvent (2mL), argon.
a Determined by GC analysis.
b Determined by 1H NMR spectroscopy of the crude reaction mixture.
c 10 mL H2O was added to reaction mixture.
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(Table 1, entries 17 and 18). High conversion and selective course of
the reactionwas observed by using ethanol as a solvent and KOH as
a base (entry 20). In this case, the efficient progress of the reaction
was observed at 60 �C, at catalyst loading of 0.5mol% and in the
presence of four equivalents of the base (relative to the catalyst). In
the presence of silver acetate as a base, a decrease in selectivity and
the formation of a mixture of regioisomers is observed (entry 8).
Such phenomenon has been previously described and explained by
Gevorgyan and Ananikov [15]. Lowering the concentration of
complex 1 in the reactions performed in toluene in the presence of
KOtBu, results in a slight decrease in the selectivity of the reaction.
The formation of small amounts of head to tail dimer under the
conditions of reduced reaction rates can be the result of the
competitive reaction pathway, inwhich OtBu� plays the similar role
to that described by Gevorgyan and Ananikov for carboxylate anion
[15]. In the optimized reaction conditions, the activity of complex 1
was compared with that of selected members of the family of
PEPPSI complexes as well as structurally related chloride (7) [18]
and hydroxide dimers (8) [19] (Fig. 1). Results are collected in
Table 2.

In the presence of catalysts 1e3 and 8, high acetylene conver-
sion and exclusive formation of E-isomer of head to head dimer
(10a) was observed (Scheme 2).
Table 2
Dimerization of 4-tolylacetylene. Comparison of different palladium catalyst (1e8).

Entry Cat. Time [h] Conv. [%]a E/Z/gemb

1 1 1 >99 100/0/0
2 2 1 90 100/0/0
3 3 1 94 100/0/0
4 4 1 95 80/3/4
5 5 24 0 e

6 6 24 0 e

7 7 1 94 96/4/0
8 8 1 >99 100/0/0

Reaction condition: toluene, 60 �C, [Pd] (1mol %), [Pd]/[KOtBu]¼ 1/4, argon.
a Determined by GC analysis.
b Determined by GC/MS and 1H NMR spectroscopy of the crude reaction mixture.
Under the conditions used, no catalytic activity of complexes 5
and 6 was observed. For complex 4 and chloride dimer 7 high
conversions were observed (95%) but the reactions proceeded to
form a mixture of isomers (Table 2, entries 4 and 7). In order to
precisely identify the difference in activities of complexes 1, 7 and
8, the course of dimerization over time was investigated. The re-
action profiles obtained are shown in Fig. 2 and indicate that
complex 8 enables complete conversion already after 15min of
the reaction. In the presence of complexes 1 and 7 full conversion
was observed after approx. 1 h of the reaction. In the initial stage
of the reaction, dimer 7 exhibited higher activity than complex 1.

The high activity of complex 8 prompted us to look for optimal
reaction conditions in the presence of this catalyst. Results are
collected in Table 3.

Complex 8was found to exhibit activity in base-free conditions,
however, high catalyst loading (7mol%) was required to get quan-
titative conversion. The use of four equivalents of the base relative
to 8 ([Pd]/[KOH]¼ 1/4) allowed efficient progress of the reaction at
a catalyst loading down to 0.25mol%. The use of ethanol as a sol-
vent and excess of KOH allows the reaction to proceed at room
temperature in the presence of 0.25mol% of catalyst.

Optimization tests (Tables 1 and 3) permitted specification of
the conditions for efficient progress of the reaction in the presence
of catalysts 1 and 8. In selected optimized reaction conditions
dimerization of a series of arylacetylenes was tested to determine
the versatility of the method. The results are shown in Fig. 3.

For all the arylacetylenes tested, nearly quantitative yields of
products were obtained. The slight differences in catalytic activity
of both palladium complexes tested were observed for more ste-
rically congested acetylenes. In the dimerization of 1-
ethynylnaphthalene, 9-ethynylphenanthrene and 4-
ethynylbiphenyl catalyzed by 1, efficient conversion required
extension of the reaction time. 1H NMR analyzes of the reaction
mixtures made after completion of the reaction showed in each
case the exclusive formation of head to head dimers with E ge-
ometry around the double bond. Only in the case of phenyl-
acetylene and 9-ethynylphenanthrene, formation of up to 3% of the
Z-isomer was observed.



Table 3
Dimerization of 4-tolylacetylene in the presence of [{Pd(m-OH)Cl(IPr)}2] (8). Optimization of the reaction conditions.

Entry Solvent/T [�C] Cat. 8 [mol %] [Cat.]/[KOH] T [h] Conv. [%]a E/Z/gemb

1 toluene/60 7 e 24 72 100/0/0
2c toluene/60 0.5 e 24 e e

3c toluene/60 1 e 24 <5 100/0/0
4c toluene/60 2 e 24 35 100/0/0
5c toluene/60 5 e 24 93 100/0/0
6c toluene/60 7 - 24 >99 100/0/0
7c toluene/60 0.5 1/4 1 >99 100/0/0
8c toluene/60 0.25 1/4 1 >99 100/0/0
9 EtOH/60 0.25 1/4 1 95 100/0/0
10c EtOH/60 0.25 1/4 1 >99 100/0/0
11c EtOH/60 0.1 1/4 24 91 100/0/0
12c EtOH/22 0.25 1/4 2 >99 100/0/0

a Determined by GC analysis.
b Determined by 1H NMR spectroscopy on the crude reaction mixture.
c 10 mL H2O was added to reaction mixture.
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Further determination of the scope of the reaction revealed the
reactivity of terminal silylacetylenes. The catalytic tests performed
showed completely regio- and stereoselective course of the
Fig. 2. Reaction profiles. Dimerization of 4-tolylacetylene in the presence of complexes
1, 7 and 8. Reaction conditions: toluene 2mL, 4-tolylacetylene 0.017mmol, 60 �C, [Pd]
(1mol%), [Pd]/[KOtBu]¼ 1/4, argon.

Fig. 3. Dimerization of arylacetylenes in the presence of complexes 1 and 8. Reaction cond
(1mol%), [Pd]/[KOtBu]¼ 1/4, 60 �C, 1 h, argon; C EtOH (99.8%), cat. 8 (1mol%), [Pd]/[KOH]¼
reaction (Scheme 3). Table 4 summarizes the results of optimiza-
tion tests for dimerization of triethylsilylacetylene.

Efficient course of silylacetylene dimerization requires higher
catalyst concentrations (up to 2mol%) and longer reaction times. A
drop in selectivity and formation of a mixture of stereoisomers was
observed when the reaction was run at temperatures exceeding
100 �C. Effect of the addition of small amounts of water was found
to improve the reaction efficiency (compare entries 6 and 7, 8 and
9) as it was observed for dimerization of arylacetylenes. The use of
ethanol as a solvent and KOH as a base allows the reaction to
proceed at room temperature.

Under optimized reaction conditions, high yield and completely
selective course of reaction were observed (Fig. 4). However, sily-
lacetylenes 9k and 9l did not undergo efficient conversion at room
temperature.

From the point of view of the reaction mechanism, alkyne
dimerization catalyzed by palladium systems proceeds through the
itions: A toluene, cat. 1 (1mol%), [Pd]/[KOtBu]¼ 1/4, 60 �C, 1 h, argon; B toluene, cat. 8
1/4, 22 �C, argon; a) 6 h; b) 24 h; c) 3 h; d) 60 �C.

R3Si R3Si
SiR3[Pd]

9j-l 10j-l
SiR3 = SiEt3 (j), SiMe2tBu (k), SiMe3 (l)

base

Scheme 3. Dimerization of silylacetylenes in the presence of complexes 1 and 8.



Table 4
Dimerization of triethylsilylacetylene in the presence of complexes 1 and 8. Opti-
mization of the reaction conditions.

Entry Solvent Base T [�C] Cat. (mol %) t [h] Conv. [%]a E/Zb

1 toluene KOtBu 60 1 (1) 1 19 E
2 toluene KOtBu 60 1 (1) 24 75 E
3 toluene KOtBu 60 1 (2) 2 98 E
4 EtOH KOH 60 1 (2) 24 95 E
5 EtOH KOH 22 1 (2) 24 10 E
6 toluene KOH 60 8 (0.25) 24 9 E
7 toluene KOH 60 8 (0.25) 24 40c E
8 toluene KOH 60 8 (1) 24 52 E
9 toluene KOH 60 8 (1) 24 63c E
10 toluene KOH 60 8 (2) 2 >99c E
11 toluene KOH 100 8 (1) 24 92c E
12 toluene KOH 110 8 (1) 6 75c 80/20
13 EtOH KOH 60 8 (2) 2 >99 E
14 EtOH KOH 22 8 (2) 24 >99 E

Reaction condition: [Pd]:[base]¼ 1:4, argon.
a Determined by GC analysis.
b Determined by 1H NMR spectroscopy of the crude reaction mixture.
c 10 mL of degassed water was added to the reaction mixture.

Scheme 4. Proposed mechanism of dimerization of terminal acetylenes in the pres-
ence of complex 1.

Si
Si

10j: A 98%; B 99%; C 99%

Si
Si

10k: A 92%; B 98%

Si
Si

10l: Ab 92%; Bb 98%

Fig. 4. Dimerization of silylacetylenes in the presence of complexes catalysts 1 and 8.
Isolated yields of products. Reaction conditions: A cat 1 (2mol%), toluene, 60 �C, [Pd]/
[KOtBu]¼ 1/4, 2 h, argon; B cat. 8 (2mol%), toluene, 60 �C, [Pd]/[KOH]¼ 1/4; 2 h, argon;
C cat 8 (2mol%), EtOH, 22 �C, 24 h; a) 24 h; b) Reaction performed in a closed system.
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formation of an s-alkynyl/p-alkyne intermediate which undergoes
subsequent carbopalladation or hydropalladation. For the N-het-
erocyclic palladium complexes, Ananikov and Gevorgyan have
shown by means of DFT calculations a clear kinetic preference for
an alkyne insertion into the Pd-H bond over the Pd-C bond for both
aryl and alkyl acetylenes [8e,15]. In the systems containing basic
carboxylate anion hydropalladation may be deactivated due to the
reaction of the base with hydride ligand. In such systems, the re-
action proceeds via carbometallation pathway [15].

The catalytic systems described in this work contain Pd(II)
complexes in the presence of small excess (relative to the catalyst)
of tert-butoxide or hydroxide base. In such a system deactivation of
the hydropalladation pathway is to be expected. Indeed, all at-
tempts to detect palladium hydride species in a system containing
catalyst 1 or 8, KOtBu (4 equiv.) and fivefold excess of p-tolylace-
tylene in C6D6 using 1H NMR spectroscopy have failed.

We proposed that the formation of s-alkynyl palladium(II)
complexes (A, Scheme 4) from chloride palladium(II) complexes of
PEPPSI type, in the presence of KOH or KOtBu, proceeds as a result
of electrophilic substitution and is preceded by the formation of
palladium hydroxide or tert-butoxide complexes (Scheme 4). Our
previous studies confirmed the formation of hydroxide complexes
in a system containing PEPPSI-IPr and an excess of KOH [19].
Monitoring of the reaction of complex 8 with 5 equiv. of tolylace-
tylene (C6D6 at 60 �C) shows minor (9%) decrease in the intensity of
the signal of hydroxide ligand and formation of water. Formation of
p-acetylene complex from 1 proceeds via substitution of pyridine
ligand. 1H NMR monitoring of the substitution process shows the
presence of only minor amount of free pyridine, which suggests
that the substitution of pyridine by acetylene is an equilibrium
process.

Once the palladium(II) s-alkynyl/p-alkyne complex (A, Scheme
4) is formed p-coordinated acetylene undergoes migratory inser-
tion into the palladium carbon bond (in the absence of hydride
ligand). Ananikov and Gevorgyan have demonstrated for anionic
palladium(II) NHC complex that the formation of head to head
dimer is kinetically preferred over the head to tail one [15].
Moreover, the calculated molecular structure of transition state of
carbometallation indicates that the preferred formation of the E-
isomer [15] results from the absence of steric interactions between
the phenyl ring of the dimer and the isopropyl groups of the 2,6-
diisopropylphenyl substituent in the IPr ligand. Such steric
crowding would be expected in the case of the formation of Z-
isomer. Selective formation of E-isomer of head to head dimer in
the presence of palladium complexes containing IPr ligands (or
NHC ligands with analogous steric properties) and strongly basic
hydroxides reported by Nechaev [8c] and observed in our systems
are in good agreement with the DFT calculation results reported by
Ananikov and Gevorgyan [15].

According to the proposed mechanism (Scheme 4) migratory
insertion is followed by electrophilic substitution of sigma bonded
enyne in complex B with another acetylene molecule with the
formation of complex C. In the presence of a strongly donating NHC
ligand an increased preference for electrophilic substitution should
be expected. Substitution of p-bonded enyne with another acety-
lene molecule liberates the product and regenerates complex A.

The results presented in this work confirm the high potential of
N-heterocyclic carbene palladium complexes as catalysts for the
dimerization of terminal acetylenes reported by Nolan, Ananikov
and Gevorgyan, Nechaev and others [e.g. Refs. [8b,e,14,15]]. By
evidencing the utility of commercially available, cost competitive,
highly air and moisture stable, user friendly one component PEPPSI
precatalysts in efficient and selective dimerization of acetylenes,
we have increased the range of available catalysts of the process
and the number of effective procedures. The procedures described
allow selective syntheses of E-1,4-disubstituted but-1-en-3-ynes
already at room temperature, using small catalyst loadings.
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Complex 8 allows successful dimerization in base-free conditions.
For the first time the possibility of selective dimerization of silyla-
cetylenes in the presence of N-heterocyclic palladium complexes
has been shown.

3. Conclusions

Convenient and highly efficient procedure for synthesis of E-1,4-
disubstituted but-1-en-3-ynes via dimerization of terminal aryl-
and silylacetylenes in the presence of PEPPSI precatalyst and
structurally related palladium dimers [{Pd(meCl)Cl(IPr)}2] and
[{Pd(meOH)Cl(IPr)}2] was proposed.

4. Experimental

4.1. General methods and reagents

Unless otherwise indicated, all operations were carried out us-
ing standard Schlenk techniques. 1H and 13C NMR spectra were
recorded on Varian 400 operating at 402.6 and 101.2MHz,
respectively. GC/MS analyses were performed on a Varian Saturn
2100T equipped with DB-5, 30m capillary column and Ion Trap
Detector. GC analyses were performed using Varian CP-3800 (col-
umn: RTX-5, 30m, 0,53mm), equipped with TCD. The chemicals
were obtained from the following sources: acetylenes, benzene-d6,
chloroform-d, styrene-d8 KOtBu, K2CO3, Cs2CO3, CH3COOAg, KOH,
decane, dodecane, PEPPSI-IPr, PEPPSI-SIPr, di-m-chlorobis[chloro
{1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene}dipalladium(II)
were purchased from Aldrich. Complexes 3 [20], 4 [20], 5 [21], 6
[21] and 8 [19] were synthesized according to literature procedures.
Dichloromethane, toluene ethanol (99.8%) and hexane were pur-
chased from POCh (Poland). All solvents (except of EtOH) were
dried and stored under argon prior to use. Ethanol was degassed
prior to use.

4.2. General procedure of catalytic tests

Glass reactor (3mL) equipped with a condenser and a stirring
bar was charged under argon with solvent (2mL), 1-ethynyl-4-
methylbenzene 21 mL (1.66� 10�4mol), dodecane 7 mL (internal
standard). Reaction mixture was stirred and heated up to the
temperature indicated in the tables. Then catalyst (0.1e5 %mol of
Pd in relation to acetylene) and (if applicable) a base was intro-
duced ([Pd]/[base] ratio is indicated in Tables). The reactionmixture
was heated and stirred for designated time. Test reactions were
monitored for 24 h by GC and GC/MS techniques.

4.3. General procedure for the synthesis of 1,4-bis(aryl)but-1-en-3-
ynes in ethanol

Glass reactor (3mL) equipped with a condenser and a stirring
bar was charged under argon with arylacetylene (9.11� 10�4mol),
EtOH (99.8%) (2mL) and catalyst 8 (0.25e2.0mol% in relation to
acetylene). The reaction mixture was stirred at 22 �C for 24 h. Then
the solvent was evaporated under reduced pressure and the residue
was purified by column chromatography (silica gel, hexane/
CH2Cl2¼ 4/1). Evaporation of the solvent gave an analytically pure
product.

4.4. General procedure for the synthesis of 1,4-bis(silyl)but-1-en-3-
ynes in toluene

Glass reactor (3mL) equipped with a condenser and a stirring
bar was charged under argon with silylacetylene (5.58� 10�4mol)
and toluene (2mL). The reaction mixture was heated up to 60 �C.
Then palladium complex (2mol% in relation to acetylene) and
KOtBu ([Pd]/[KOtBu]¼ 1/4) was added. The reaction mixture was
heated at 60 �C for 24 h. Then the solvent was evaporated under
reduced pressure and the residue was purified by column chro-
matography (silica gel 60, hexane to hexane/CH2Cl2¼ 4/1). Evapo-
ration of the solvent gave an analytically pure product.
Acknowledgment

The research was co-financed by the National Science Centre
(Poland), project UMO-2013/11/N/ST5/01612.
References

[1] For review see: a) S.E. Garcia-Garrido, Catalytic dimerization of alkynes, in:
B.M. Trost, C.-J. Li (Eds.), Modern Alkyne Chemistry, Wiley-VCH, Weinheim,
2015, pp. 301e334;
b) B.M. Trost, J.T. Masters, Chem. Soc. Rev. 45 (2016), 2212;
c) Y. Zhou, Y. Zhang, J. Wang, Org. Biomol. Chem. 14 (2016), 6638.

[2] a) S. Saito, Y. Yamamoto, Chem. Rev. 100 (2000), 2901;
b) P. Wessig, G. Müller, Chem. Rev. 108 (2008), 2051;
c) O.V. Zatolochnaya, A.V. Galenko, V. Gevorgyan, Adv. Synth. Catal. 354 (2012)
1149;
d) X.L. Meng, T. Liu, Z.W. Sun, J.C. Wang, F.Z. Peng, Z.H. Shao, Org. Lett. 16
(2014), 3044.

[3] a) K.C. Nicolaou, W.M. Dai, S.C. Tsay, V.A. Estevez, W. Wrasidlo, Science 256
(1992) 1172;
b) M. Yamaguchi, H.J. Park, S. Ishizuka, K. Omata, M. Hirama, J. Med. Chem. 38
(1995) 5015.

[4] a) K. Campbell, C.J. Kuehl, M.J. Ferguson, P.J. Stang, R.R. Tykwinski, J. Am.
Chem. Soc. 124 (2002), 7266;
b) N.N.P. Moonen, C. Boudon, J.P. Gisselbrecht, P. Seiler, M. Gross, F. Diederich,
Angew. Chem. Int. Ed. 41 (2002), 3044;
c) H. Katayama, M. Nakayama, T. Nakano, C. Wada, K. Akamatsu, F. Ozawa,
Macromolecules 37 (2004) 13;
d) Y. Liu, M. Nishiura, Y. Wang, Z. Hou, J. Am. Chem. Soc. 128 (2006), 5592.

[5] H. Yamazaki, J. Chem. Soc., Chem. Commun. (1976) 841.
[6] A. Dash, M.S. Eisen, Org. Lett. 2 (2000) 737.
[7] For review see: a) M. Nishiura, Z. Hou, J. Mol. Catal. Chem. 213 (2004) 101 (For

selected recent reports see:);
b) M. Nishiura, Z. Hou, Y. Wakatsuki, T. Yamaki, T. Miyamoto, J. Am. Chem. Soc.
125 (2003) 1184;
c) C.G.J. Tazelaar, S. Bambirra, D. van Leusen, A. Meetsma, B. Hessen,
J.H. Teuben, Organometallics 23 (2004) 936;
d) K.K.T. Komeyama, K. Takehira, K. Takaki, J. Org. Chem. 70 (2005), 7260;
e) S. Ge, V.F. Quiroga Norambuena, B. Hessen, Organometallics 26 (2007),
6508;
f) S.M.A. Ge, B. Hessen, Organometallics 28 (2009) 719.

[8] Selected examples of highly E-selective dimerization: a) P. _Zak, M. Bołt,
J. Lorkowski, M. Kubicki, C. Pietraszuk, ChemCatChem 9 (2017), 3627;
b) I.G. Trostyanskaya, I.P. Beletskaya, Tetrahedron 73 (2017) 148;
c) O.S. Morozov, A.F. Asachenko, D.V. Antonov, V.S. Kochurov, D. Yu Paraschuk,
M.S. Nechaev, Adv. Synth. Catal. 356 (2014), 2671;
d) A. Coniglio, M. Bassetti, S.E. Garcia-Garrido, J. Gimeno, Adv. Synth. Catal.
354 (2012) 148;
e) C. Jagier, O.V. Zatolochnaya, N.V. Zvyagintsev, V.P. Ananikov, V. Gevorgyan,
Org. Lett. 14 (2012), 2846;
f) L.D. Field, A.M. Magill, T.K. Shearer, S.J. Dalgarno, M.M. Bhadbhade, Eur. J.
Inorg. Chem. 23 (2011), 3503;
g) A. Hijazi, K. Parkhomenko, J.P. Djukic, A. Chemmi, M. Pfeffer, Adv. Synth.
Catal. 350 (2008) 1493;
h) S. Ogoshi, M. Ueta, M.A. Oka, H. Kurosawa, Chem. Commun. 23 (2004),
2732;
i) M. Rubina, V. Gevorgyan, J. Am. Chem. Soc. 123 (2001), 11107.

[9] Selected examples of highly Z-selective dimerization: a) O. Rivada-Wheel-
aghan, S. Chakraborty, L.J.W. Shimon, Y. Ben-David, D. Milstein, Angew. Chem.
Int. Ed. 55 (2016), 6942;
b) J. Alos, T. Bolano, M.A. Esteruelas, M. Olivan, E. Onate, M. Valencia, Inorg.
Chem. 53 (2014) 1195;
c) R.H. Platel, L.L. Schafer, Chem. Commun. 48 (2012) 10609;
d) X. Chen, P. Xue, H.H.Y. Sung, I.D. Williams, M. Peruzzini, C. Bianchini, G. Jia,
Organometallics 24 (2005), 4330.

[10] Highly selective head to tail dimerization Selected examples: a)
G.V. Oshovsky, B. Hessen, J.N.H. Reek, B. de Bruin, Organometallics 30 (2011),
6067;
b) H.M. Peng, J. Zhao, X. Li, Adv. Synth. Catal. 351 (2009) 1371;
c) W.T. Boese, A.S. Goldman, Organometallics 10 (1991) 782.

[11] M. Ishikawa, J. Ohshita, Y. Ito, A. Minato, J. Organomet. Chem. 346 (1988) C58.
[12] a) E.T. Sabourin, J. Mol. Catal. 26 (1984) 363;

b) B.M. Trost, C. Chan, G. Ruhter, J. Am. Chem. Soc. 109 (1987), 3486;

http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib1c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib2d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib3a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib3a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib3b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib3b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib4d
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref2
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref3
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7e
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7e
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib7f
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8e
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8e
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8f
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8f
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8g
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8g
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8h
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8h
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib8i
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib9d
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib10a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib10a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib10a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib10b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib10c
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref8
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib12a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib12b


S. Ostrowska et al. / Journal of Organometallic Chemistry 856 (2018) 63e69 69
c) T. Chen, C. Guo, M. Goto, L.-B. Han, Chem. Commun. 49 (2013), 7498;
d) C. Xu, W. Du, Y. Zeng, B. Dai, H. Guo, Org. Lett. 16 (2014) 948.

[13] W. Herrmann, V. B€ohm, C. Gst€ottmayr, M. Grosche, C. Reisinger, T. Weskamp,
J. Organomet. Chem. 617e618 (2001) 616.

[14] C. Yang, S.P. Nolan, J. Org. Chem. 67 (2002) 591.
[15] O. Zatolochnaya, E. Gordeev, C. Jahier, V. Ananikov, V. Gevorgyan, Chem. Eur J.

20 (2014), 9578.
[16] C.J. O'Brien, E.A.B. Kantchev, C. Valente, N. Hadei, G.A. Chass, A. Lough,

A.C. Hopkinson, M.G. Organ, Chem. Eur J. 12 (2006), 4743.
[17] a) C. Valente, M. Pompeo, M. Sayah, M.G. Organ, Org. Process Res. Dev. 18
(2014) 180;
b) M.G. Organ, G.A. Chass, D.-C. Fang, A.C. Hopkinson, C. Valente, Synthesis 17
(2008), 2776.

[18] M.S. Viciu, R.M. Kissling, E.D. Stevens, S.P. Nolan, Org. Lett. 4 (2002), 2229.
[19] S. Ostrowska, J. Lorkowski, M. Kubicki, C. Pietraszuk, ChemCatChem 8 (2016),

2580.
[20] M. Sayah, A.J. Lough, M.G. Organ, Chem. Eur J. 19 (2013), 2749.
[21] D. Canseco-Gonzalez, A. Gniewek, M. Szulmanowicz, H. Müller-Bunz,

A.M. Trzeciak, M. Albrecht, Chem. Eur J. 18 (2012), 6055.

http://refhub.elsevier.com/S0022-328X(17)30739-8/bib12c
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib12d
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref9
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref9
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref9
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref9
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref9
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref10
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref11
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref11
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref12
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref12
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib17a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib17a
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib17b
http://refhub.elsevier.com/S0022-328X(17)30739-8/bib17b
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref13
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref14
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref14
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref15
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref16
http://refhub.elsevier.com/S0022-328X(17)30739-8/sref16

	Selective dimerization of terminal acetylenes in the presence of PEPPSI precatalysts and relative chloro- and hydroxo-bridg ...
	1. Introduction
	2. Results and discussion
	3. Conclusions
	4. Experimental
	4.1. General methods and reagents
	4.2. General procedure of catalytic tests
	4.3. General procedure for the synthesis of 1,4-bis(aryl)but-1-en-3-ynes in ethanol
	4.4. General procedure for the synthesis of 1,4-bis(silyl)but-1-en-3-ynes in toluene

	Acknowledgment
	References


