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Abstract

Thermal treatment of Ru-alkylidene (4) bearing a triazol-5-ylidene (NHC) ligand (2) at 110 °C and addition of a terminal alkyne
generates a ruthenium vinylidene. The thermolysed Ru-alkylidene catalyses the vinylation and dimerisation of 1-alkynes. The
nucleophilic addition of acetic acid on terminal alkynes proceeds smoothly and regioselective towards the Markovnikov addition.
The addition reaction can be tuned by changing the acidity of the carboxylic acid. At increasing acidity, higher conversion of the
triple bond is obtained and the vinylation/dimerisation ratio increases. The direct coupling between two 1-alkynes shows a reactivity
order, which decreases from 1-octyne > 1,7-octadiyne > phenylacetylene > 3,3 dimethyl-1-butyne. The regioselectivity is strongly

dependent on the nature of the terminal alkyne.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coordinatively unsaturated ruthenium complexes
have proven to be excellent catalysts in a manifold of
organic transformations involving C—C and C—H bonds
[1,2]. A major advantage of Ru-based complexes is their
ability to generate stable metal—vinylidene complexes
[3—6]. The metal vinylidenes are formed from the simple
addition of a terminal alkyne on a metal complex. Based
on the fundamental mechanism, metal vinylidenes are
involved in catalytic reactions of the type: dimerisation
of alkynes, [2+ 2] cycloaddition, nucleophilic addition to
alkynes and radical cycloaromatisation. Nucleophilic
addition of carboxylic acids to terminal alkynes, also
known as vinylation, produces enol esters in a regio- and
stereo-selective manner (Scheme 1) [7]. Enol esters are
useful intermediates for carbon—carbon and carbon—
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heteroatom bond formation. They have been used for
the selective generation of enolates, acylation of car-
bonyl compounds and O- and N-acylation under mild
conditions. Homo-coupling of 1-alkynes, i.e., dimerisa-
tion, represents an easy route to unsaturated dimeric
species, in particular 1,3- and 1,4-disubstituted enynes
[8]. These are valuable precursors for the synthesis of
natural products as well as interesting building blocks
for further organic modifications.

N-heterocyclic carbenes having bulky substituents
have recently been shown to be suitable ligands to
afford highly active catalysts with several transition
metals [9]. With regard to ruthenium chemistry the
complexes (Cl,(PCy3)(L)Ru=CHPh with L =imidazol-
2-ylidene, triazol-5-ylidene) have evolved to a new
generation of very efficient catalytic precursors for the
olefin metathesis [10—13].

Recent research in our group revealed that the
thermolysed Grubbs’ catalyst (Cly(PCys;)>Ru=CHPh),
which is known as a very good catalyst for the olefin
metathesis reactions, generates a ruthenium vinylidene
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Scheme 1. Ru-catalysed vinylation and dimerisation of 1-alkynes.

in the presence of a terminal alkyne [14,15]. The
thermolysed Cl,(PCys),Ru=CHPh proved to be an
excellent precursor for the transformation of terminal
alkynes (Scheme 1).

These results encouraged us to investigate the cataly-
tic properties of Cl(PCy3)(L)Ru=CHPh (with L=
triazol-5-ylidene) (4) with regard to the vinylation and
dimerisation of 1-alkynes (Scheme 2).

2. Experimental

2.1. General remarks

All reactions were performed under inert atmosphere
using Schlenck techniques. NMR spectra were recorded
on a Varian Unity 300 MHz spectrometer. GC—MS
analysis were performed on a GC (column SPB™-5 = 30
m x 0.25 mm x 0.25 pm film thickness, carrier gas: He,
100 kPa; detector, FID; gas chromatograph, Varian
4600) and MS (Finnigan MAT ITD). Raman spectra
were recorded on a Bruker equinox55/FRA 106. All
spectra were recorded with a laser power of 100 mW.
The laser (Nd) had a wavelength of 1064 nm. Toluene-dg
(obtained from Acros) and toluene were dried over Na.
CDCl; (obtained from Acros) was dried over molecular
sieves. Cl,(PR3),Ru=CHPh (obtained from Strem Che-
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Scheme 2. Synthesis of Cly(PCys)(triazol-5-ylidene)Ru=CHPh (4).

micals), 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-
ylidene, 1-alkynes, carboxylic acids, cyclooctene (ob-
tained from Acros) were used without further purifica-
tion. Complex 4 is synthesised as described in Ref. [7].

2.1.1. General procedure for the vinylation of 1-alkynes
To a solution of 0.032 mmol of catalyst 4 in toluene (3
ml), are added 2.94 mmol of 1-alkyne and 3.58 mmol of
carboxylic acid. The reaction is stirred at 110 °C and
followed in situ by '"H-NMR. Yield and selectivity is
determined by '"H-NMR, Raman and GC—MS [9].

2.1.2. Dimerisation of 1-alkynes

To a solution of 0.032 mmol of catalyst 4 in toluene (3
ml), is added 3.2 mmol of 1-alkyne. The reaction is
stirred at 110 °C and followed in situ by 'H-NMR. Yield
and selectivity is determined by '"H-NMR and GC-MS

[8].

3. Results and discussion

3.1. Thermal treatment of Cl,( PCy;s)(triazol-5-
vlidene) Ru=CHPh (4) and reactivity of 4 with
phenylacetylene

The thermal treatment of Cly(PCys)(triazol-5-
ylidene)Ru=CHPh (complex 4) at 110 °C in toluene
results in a decomposition of the benzylidene ligand.
The thermal decomposition is monitored by 'H- and
3'P{H}-NMR and shows the disappearance of the
=CHPh ligand, since the doublet at 19.5 and 19.3 ppm
("H-NMR) and the two signals at 24.7 and 25.6 ppm in
the *'P{H}-NMR spectrum have disappeared after the
treatment at 110 °C. *'P{H}-NMR shows two types of
PCy; groups (6 =23 and 28 ppm). No evidence is found
for a dissociation equilibrium of a phosphine ligand
taking place at the metal center since no free PCy; is
detected. Isolation and crystallisation of the inorganic
compound was unsuccessful, so the nature of the
inorganic complex still remains undetermined. The
results are analogous to the results obtained with
Cly(PCy3),Ru=CHPh (3) [8]. Here also decomposition



K. Melis et al. | Journal of Organometallic Chemistry 671 (2003) 131-136 133

of the carbene ligand is observed and the determination
of the inorganic decomposition compound has failed.
A solution of complex 4 in toluene, treated with
phenylacetylene is refluxed of toluene for 60 min. A
rapid colour change from green to red occurs. >'P{H}-
NMR reveal a new type of coordinated PCy; (6 =47
ppm) and some free phosphine. A Ru-vinylidene
complex is formed. *C{H}-NMR determines the C,
and Cg of the Ru—vinylidene at 376.3 and 106.2 ppm,
respectively. Analysing the time evolution of NMR
spectra of the reaction between complex 4 and a tenfold
excess of PhC=CH provided following evidence: (i) All
PhC=CH is consumed in 1 h to produce PhnC=C-CH=
CHPh. (ii) Free PCyjs is detected by *'P{H}-NMR. (iii)
No new phosphorus containing species, next to the

signals of complex 4 (24.7 and 25.5 ppm), the thermo-
lysed 4 (23 and 28 ppm) and the Ru-vinylidene (47
ppm), are detected during the transformation from
complex 4 to the Ru—vinylidene. (iv) Extra addition of
phenylacetylene results in full conversion to PhC=C-
CH=CHPh.

3.2. Vinylation and dimerisation of 1-alkynes catalysed
by 4

After thermal treatment of 4 at 110 °C for 1 h, 96
equivalent of l-alkyne and 112 equivalent of acetic acid
were added and the reaction mixture was stirred for 4 h
(Table 1). In the presence of a catalytic amount of
complex 4, the intermolecular addition of acetic acid to

F\l;?:}l/faiion and dimerisation of terminal alkynes catalysed by ruthenium complex 4
Run Alkyne Acid Total C-0/C-C | % M'|% AM % %
yield bond (c/t)" | head-to- | tail-to-
(%)d formation tail’ tail’
1° ICH;COOH 44.8 53/47 67 33 92 8
Q—: (70/30)
2° 32.8 0/100 0 0 98 2
None
3° ICH;COOH| 100 100/0 0 100 0 0
%—: (67/33)
4° 25.3 0/100 0 0 24 76
None
5° ICH;COOH| 78.3 100/0 90 10 0 0
O~ (80/20)
6 77.2 0/100 ¢ ¢ ¢ ¢
None
T Sy
o 98 100/0 89 11 0 0
8¢ CH;COOH  95.5
Mono:9 100/0 81 19 0 0
O NNF % (78/22)
100/0 89 11 0 0
Di: 91% (90/10)
9° 0/100 0 0 60 40
None 56.2

#Reactions were carried out by using 3.58 mmol of acetic acid, 2.94 mmol of alkyne and 0.032 mmol of catalyst 4 in toluene (3 ml) under nitrogen.
The reaction mixture was stirred at 110 °C for 4 h. ®Reactions were carried out by using 3.2 mmol of alkyne and 0.032 mmol of catalyst 4 in toluene
(3 ml) under nitrogen. The reaction mixture was stirred at 110 °C for 150 min. “Reaction was carried out by using 3.2 mmol pentynoic acid and 0.032
mmol of catalyst 4 in toluene (3 ml) under nitrogen. The reaction mixture was stirred at 110 °C for 150 min. “Reactions were carried out by using 3.58
mmol of acetic acid, 1.79 mmol of alkyne and 0.032 mmol of catalyst 4 in toluene (3 ml) under nitrogen. The reaction mixture was stirred at 110 °C
for 4 h. “Reactions were carried out by using 1.6 mmol of alkyne and 0.032 mmol of catalyst 4 in toluene (3 ml) under nitrogen. The reaction mixture
was stirred at 110 °C for 150 min. Yield and selectivity as determined with "H-NMR and GC—MS. £The reaction yields oligomers and polymers.
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aliphatic alkynes proceeds in quantitative yield (run 3, 5
and 8). Only the transformation of phenylacetylene
reaches merely 44.8% and the reaction products consist
of 53% of enol esters and 47% of dimeric products (run
1). Also, the intramolecular addition proceeds smoothly
(run 7). The vinylation of most terminal alkynes
proceeds selectively by the attack on the external C,;
carbon atom of the terminal alkyne and thus production
of Markovnikov adducts. The reaction between 3,3-
dimethyl-1-butyne and acetic acid exhibits a reversed
regioselectivity for addition on the internal C, carbon
atom of the triple bond (run 3). The formed Anti-
Markovnikov adducts mainly consist of the cis isomers
(67%).

A second catalysed carbon—carbon bond formation
reaction is the dimerisation or homo-coupling of 1-
alkynes. A solution of 4 (0.032 mmol) in 3 ml toluene
was heated at 110 °C. 1-Alkyne (3.2 mmol) was added
and the reaction mixture was stirred at 110 °C for 150
min. The activity of catalyst 4 for the dimerisation of the
l1-alkynes shows a decreasing order from 1-octyne > 1,7-
octadiyne > phenylacetylene > 3,3  dimethyl-1-butyne.
The head-to-tail/tail-to-tail ratio is strongly dependent
on the nature of the terminal alkyne. The aromatic
substituent affords a very good regioselectivity with a
head-to-tail/tail-to-tail ratio of 98:2 (run 2). For the di-
alkyne, the ratio dramatically decreases to 60:40 (run 9).
In the presence of the steric tert-butyl group, the
selectivity reverses to production of the tail-to-tail
adduct as the major adduct (24:76) (run 4). No
dimerisation of l-octyne occurs, although after 4 h
77% of the 1-octyne is consumed (run 6). Investigation
of the reaction mixture reveals that the reaction
products consist of oligomers and polymers.

The influence of the substituent on the COOH group
on the reactivity of catalyst 4 for the vinylation of
phenylacetylene is depicted in Fig. 1. The overall yield
increases at decreasing pK, [16]. The intermolecular
addition of trichloroacetic acid (pK, = 0.66) on pheny-
lacetylene proceeds smoothly. After 1 h, 91.2% of the
phenylacetylene is consumed. The addition of formic
acid (pK, = 3.75) reaches a total yield of 77.7% after 4 h
of reaction. Acetic and isovaleric acid, which possess a
similar acidity (pK, =4.76 and 4.78, respectively), only
reach 44.8 and 47.2% conversion of the triple bond. In
the absence of carboxylic acid, 32.8% of the triple bond
is converted into the dimeric enyne products. Next to
enol esters, the reaction products consist of dimeric
products for acetic, formic and isovaleric acid. The
vinylation/dimerisation ratio decreases from 60/40 for
formic acid, 52/48 for acetic acid and 35/65 for isovaleric
acid. Only trichloroacetic acid exclusively yields enol
esters.

The preference for the dimerisation of terminal
alkynes rises at increasing pK, and increasing sterical
hindrance of the substituent on the COOH group. The

100 —

80 —

60 —

Yield (%)

40

20

0 _'T I I I I I I I

0 50 100 150 200 250 300 350
Time (min)

Fig. 1. Influence of nature of carboxylic acid on the nucleophilic
addition of the carboxylic acid on phenylacetylene. (a) No acid; (O)
formic acid; (O) acetic acid; (+) isovaleric acid; (), trichloroacetic
acid. Reaction conditions: reactions were carried out by using 3.58
mmol of carboxylic acid, 2.94 mmol of phenylacetylene and 0.032
mmol of catalyst 4 in toluene (3 ml) under nitrogen. The reaction
mixture was stirred at 110 °C. The reaction is monitored by Raman
spectroscopy by following the diminishing intensity of the C=C of
phenylacetylene using a calibration curve. Selectivity as determined by
"H-NMR.

vinylation occurs preferentially by attack on the internal
C, carbon atom of the triple bond and thus production
of Markovnikov adducts. The intermolecular addition
of two 1-alkynes proceeds mainly by addition on the C,
atom and formation of head-to-tail enynes. Only formic
acid shows a regioselectivity for the tail-to-tail addition.

Although detailed mechanism of the catalytic reaction
and nature of the inorganic species after thermal
treatment of Cly(PCys;)(triazol-5-ylidene)Ru=CHPh (4)
have not been elucidated, the outcome of the thermal
treatment of Cl,(PCys)(triazol-5-ylidene)Ru=CHPh (4)
and the reactivity of 4 with phenylacetylene combined
with the catalytic performance of 4 suggest some
mechanistic insights (Scheme 3). Decoordination of a
PCys; ligand takes place on the metal center. This creates
a vacant site for the, respectively, incoming carboxylic
acid (cycle 1) or 1-alkyne (cycle 2).

The nucleophilic addition of the carboxylic acid on
the alkyne or vinylation (cycle 1) occurs preferably by
the regioselective intermolecular attack of the acid on
the internal C, carbon atom of the terminal alkyne and
thus production of Markovnikov adducts (8 b). Gen-
erally, Ru-based systems afford enol esters bearing exo-
olefins. The ring closing of the intramolecular addition
proceeds by an attack on the C, carbon atom of the
triple bond and formation of the Markovnikov 5-exo
compound (8 b). Only the addition of acetic acid on 3,3-
dimethyl-1-butyne proceeds by the attack on the ex-
ternal C; carbon atom of the terminal alkyne and
formation of Anti-Markovnikov adducts (8 a).

In the absence of carboxylic acids, only dimerisation
(cycle 2) occurs for all terminal alkynes. For arylacety-
lene derivatives, the intermolecular attack proceeds
preferentially on the C; of the terminal alkyne (10 b).
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4. Conclusion Acknowledgements

Thermal treatment of Cly(PCyj;)(triazol-5-
ylidene)Ru=CHPh (4) at 110 °C and subsequent addi-
tion of phenylacetylene results in the formation of a
Ru-vinylidene complex. The Ru—vinylidene catalyses
the nucleophilic addition of carboxylic acids on terminal
alkynes or vinylation and the dimerisation of 1-alkynes.
The vinylation proceeds in nearly quantitative yield.
Addition of the COOH group is preferred on the
internal C, carbon atom and thus production of
Markovnikov adducts. The vinylation is strongly de-
pendent on the pK, of the added carboxylic acid. At
increasing acidity, higher yields and a higher vinylation/
dimerisation ratio are obtained. The direct coupling
between 1-alkynes or dimerisation is dependent on the
nature of the substituent on the triple bond. The best
regioselectivity is obtained with the phenyl substituent.
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